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Experimental investigation of unconfined bluff body stabilised flames with vapourised
kerosene fuels
Rohit S. Pathania
To achieve low emission targets, combustion technologies have increasingly implemented
lean premixed flames as they facilitate low NOx and soot emissions. In most modern transport
vehicles, combustion occurs under highly turbulent conditions. However, stabilizing lean
premixed flames within the high Reynolds number conditions of practical devices is difficult
because they are prone to blow-off, resulting in reduced efficiency or worse, engine failure.
Thus, there is a need to understand the underlying physics of lean blow-off (LBO) so that
accurate, yet computationally tractable models can be developed to predict its onset.
In this dissertation, the lean blow-off limits and turbulent flame structure of unconfined,
pre-vapourised liquid fuels stabilised on a bluff body burner were investigated at two con-
ditions: far from blow-off (φ/φBO = 1.20) and close to blow-off (φ/φBO = 1.01). Four
different fuels were considered, two of which comprised of a single component (ethanol
and heptane) while the other two were multi-component kerosene blends (A2 and C1 from
the National Jet Fuel Combustion Programme). The lean blow-off limit indicates that the
ethanol and heptane flames are more resilient to blow-off than the kerosene fuels. To facilitate
comparisons with gaseous-fueled flames, results were also obtained from methane flames.
Furthermore, a correlation based on a Damköhler number (Da), which is proportional to the
laminar flame speed, does not lead to the successful collapse of the different fuels, indicating
that the Da correlations based on laminar flame speed are not applicable.
The flame structure and lean blow-off behaviour were studied with OH* chemilumi-
nescence and high-speed (5 kHz) OH-PLIF imaging. Additionally, CH2O-PLIF imaging
was used to assess the impact of fuel composition on the CH2O-layer thickness. As the
flame approached LBO, fragmentation was observed downstream. The two sides of the
flame merged at the axis, pockets of OH and CH2O were found in the recirculation zone
(RZ), and eventually, the individual fragments were extinguished. The CH2O seemed to
enter the RZ from downstream early in the LBO process, with reactants following suit at
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times closer to LBO. During LBO, the integrated OH* signal decreased slowly to zero. The
duration of this transition was ∼25 (d/UBO) in the methane and ethanol flames and ∼60
(d/UBO) in the flames operated with heptane and the two kerosenes (where d is the bluff-body
diameter and UBO the LBO velocity). This large difference could be due to the re-ignition of
partially-quenched fluid inside the RZ during the LBO event. Additionally, for the same bulk
velocity, the kerosene flames blow-off at higher equivalence ratios than the single-component
fuelled flames, possibly due to the higher Lewis number and lower extinction strain rates of
these fuels. The results suggest that the blow-off mechanism is qualitatively similar for each
of the fuels; however, the complex chemistry associated with heavy hydrocarbons appears to
result in a prolonged LBO event.
The average OH* chemiluminescence images of the ethanol and heptane flames are
qualitatively similar to those of methane: the flame brushes of both exhibit an M-shape
when close to blow-off. In contrast, the distribution of OH* signal in the kerosene flames is
primarily concentrated in regions further downstream of the bluff body. Also, whilst close to
blow-off, the flame fronts on opposite sides of the bluff body in the downstream region of
the recirculation zone merge to create a seemingly closed region above the bluff body for all
four flames. The OH-PLIF images of ethanol at far from blow-off display a higher intensity
of OH-LIF signal along the annular jets, while the OH-LIF signal was more distributed in
the heptane- and kerosene-fueled flames. Regardless of the fuel used, close to blow-off the
flame becomes shorter with peak OH-LIF signal intensities lying inside the RZ. All four fuels
showed a decrease in flame surface density (Σ2D) and broadening of the 2-D curvature PDFs
as their blow-off limits were approached. An increase in local turbulent consumption speed
was observed in the downstream region at close to blow-off. No significant variation in Σ2D,
curvature PDF, and local turbulent consumption speed was observed between the different
fuel types. The average CH2O-layer thickness was larger than the computed laminar flame
value by a factor of two and six for conditions far from and close to blow-off, respectively.
Moreover, when LBO is approached, an increased amount of CH2O-LIF signal is observed
within the recirculation zone, which is consistent with prior results obtained from methane
flames. Overall, the thickness and appearance of the CH2O-layers are qualitatively similar
between the single- and multi-component fuels; however, the kerosene fuels tend to exhibit
wider CH2O-layers. Additionally, these fuels tend to possess more isolated pockets of
CH2O-LIF signal within the recirculation zone, suggesting that a considerable amount of
partially-combusted fluid enters it. High-speed particle image velocimetry was performed to
measure the local velocity fields and place these flames on the turbulent premixed regime
diagram. It was observed that, regardless of fuel type, conditions close to blow-off occupy
the same region on the regime diagram.
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Ultimately, this effort’s results highlight the influence fuel-type has on the LBO of bluff-
body stabilized flames. Moreover, this work indicates that the LBO behavior of flames
produced with complex hydrocarbon fuels can not be fully understood by high-temperature
chemistry concepts such as laminar flame speed.
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Stabilisation of lean premixed flames is of considerable importance for next-generation gas
turbine combustors [1–3].This is due to the fact that lean that lean premixed flames operate
at lower temperatures than richer premixed or non-premixed flames, which facilitates a
substantial reduction in total NOx production [4]. However, because premixed flames are
prone to blow-off, this renders the design and development of practical devices that can
robustly stabilise premixed flames over a broad range of conditions [5]. One common way to
stabilise these flames is by creating a wake or recirculation zone (RZ) behind a bluff body.
RZ facilitates combustion within high-speed flows by 1) creating a region of relatively low
velocity and 2) providing a continuous source of burnt products to back-support the flames
[6, 7]. Stabilisation of the flame using a bluff body has been used in various propulsion and
industrial applications. Some of the common applications are in industrial burners, steam
generators, and turbojet afterburner systems. Additionally, they are used in characterisation
of the turbulent flame or in computational studies [8–15]. Fig. 1.1 shows the structure of
the flow field behind a conical bluff body, where ‘d’ is the bluff body diameter, and ‘D’ is
the annular diameter. The flame stability also depends on the flow velocities and mixture
equivalence ratio. The process by which the flame anchors behind the bluff body involves
continuous interaction of hot products in the RZ with the combustible mixture in the shear
layer. Flame extinction (blow-off) is observed when the flow velocities or equivalence ratios
are extended beyond stable operating conditions [16].
In gas turbine engine configurations, the lean blow-off limit plays a critical role in its
diverse operating range. Thus, a gas turbine engine designed for low NOx production needs
to be operated with a controlled lean fuel/air ratio [7, 17]. A significant amount of research









Fig. 1.1 Schematic showing the structure of flow field around a typical conical bluff-body
burner.
standing issue within the premixed combustion community [22, 23]. Early lean blow-off
(LBO) investigations with gaseous fuels in bluff body burner configurations focused on the
development of empirical and semi-empirical co-relations, correlating blow-off limits as
a function of flow velocity, equivalence ratio, fuel type, blockage ratio, bluff body shape,
pressure, and temperature [24, 23, 25, 26]. These theories associated blow-off as a balance
of energy and mass with hot recirculating gaseous [26, 27] or longer chemical time scale
compared to the fluid mechanical time scale. The comprehensive review by Shanbhogue et al.
[23] on the LBO of bluff body stabilised flames summarises the blow-off phenomenon into
two stages: localized extinction and wake alteration. They discuss the blow-off dynamics
at various Reynolds numbers. A correlation is formulated based on the blow-off data in
the literature showing the dependence of blow-off on Damköhler number (Da) correlations
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based on laminar flame speed (SL). Kariuki et al. [28] validated the Da-based correlation in
bluff body premixed flame with methane for various bluff body diameters and bulk velocities.
They found that the correlation based on Da collapses well for bluff body stabilised methane
flames, indicating blow-off depends on the laminar flame speed.
Further understanding of the structure of turbulent premixed flames near blow-off and
the transient behavior of such flames during blow-off have been extensively studied via OH*
chemiluminescence and planar laser-induced fluorescence (PLIF) imaging of OH and CH2O
[17, 23, 29–32]. From these experimental studies, it can be deduced that the flame changes
shape as it approaches blow-off. The experiments of Kariuki et al. [17, 29] suggested that
reactions occur within the recirculation zone (RZ) just before blow-off. Dawson et al. [32]
and Kariuki et al. [29], who investigated methane flames, noticed significant extinction in
the downstream region of the RZ, which led to the eventual advection of partially-burnt and
unburnt reactants into the RZ, further destabilising flame-fronts near the shear layer.
Local extinction and other structural features of turbulent premixed flames have been ex-
tensively investigated [8, 33–35]. Several bluff body geometries have been studied, including
conical, rod stabilized, and disc shape [17, 29–32, 36, 37]. Kariuki et al. [17, 29, 36] studied
the flame structure in a conical bluff-body burner. As their flames approached blow-off
[29], they found that the flame fronts on either side of the burner merged at the axis. After
such merging, fresh reactants were observed to enter the RZ from downstream locations.
Additionally, as LBO was approached, the flame fronts were observed to retreat to the RZ,
which is likely a consequence of reduced burning rate and enhanced local extinction. In the
same burner, Kariuki et al. [36] estimated the heat release rate (HRR) via the pixel-by-pixel
multiplication of OH- and CH2O-PLIF images. They observed fragmentation of heat release
(HR) regions in the downstream areas of the RZ. Furthermore, they demonstrated that regions
void of OH within the RZ are often filled with CH2O, and HRR is found on the boundary of
isolated OH pockets. Chaudhuri et al. [31] observed a similar flame structure in their disc-
shaped bluff body burner operated with propane. They also reported the flame’s recession
into the RZ, but this time due to extinction in the shear layer due to local high strain rates.
While most of the studies mentioned above considered simple gaseous fuels, practical
combustion engines typically operate with complex liquid fuels. For this reason, recent
studies have begun to investigate the influence of turbulence and fuel effects on heavy
hydrocarbon-fueled flames. For example, Carbone et al. [38] experimentally studied the
effect of fuel properties on the global and local flame structure. They considered hydrocarbon
fuels ranging from C1 to C8 with Le from 0.97 to 3.13 at very high Ka. They speculated
that the lower Le of lean methane flames results in higher reactivity, rendering such flames
more resilient to quenching than flames with higher Le. The effect of Le was also studied by
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Trabold et al. [39] in turbulent premixed vaporised jet-flames with alcohol fuel from C1 to
C4. They found that the stability of alcohol flames increases with the decreasing molecular
weight of the fuels. Additionally, a recent DNS study [40] found that flame-front wrinkling
was suppressed in high-Le flames, resulting in a considerable reduction of the turbulent flame
speed.
Understanding of turbulent-flame interactions has been primarily derived from studies of
gaseous fuels. Yet, as mentioned above, recent experimental, LES, and DNS results highlight
differences between flames produced by burning simple and more complex fuels [38, 40, 41].
Moreover, knowledge of the fuel type influencing the LBO behaviour of turbulent premixed
bluff body stabilised flames is lacking. Thus, there is a need to experimentally study flames
produced by heavy hydrocarbons with complex chemistry and Le > 1. Additionally, the main
constituents of kerosene fuel are saturated alkanes, cycloalkanes, aromatics, olefins, and
branched-chain paraffins, as well as ring-shaped cycloparaffins. In contrast, single-component
fuels are only composed of alkanes or alkyls [42].
The kerosenes used in this work were standardised fuels coded as “A2”, which is Jet-A
and “C1”, an alternative Gevo ATJ kerosene, from the National Jet Fuel Combustion Program
led by the Federal Aviation Administration, the U.S. Air Force Laboratory, and NASA.
The program’s objectives are to streamline the process of ASTM jet fuel certification for
alternative aviation fuels and develop testing and modeling capabilities that can improve the
understanding of the impact of alternative fuel chemical composition and physical properties
on combustion [43]. The deployment of alternative jet fuels relies on the successful approval
of the specification of the fuel by ASTM International. The specification includes the
production process of the fuels, along with laboratory, combustor rig, and engine testing of
these fuels. The following three combustion features define the process of testing these fuels
in engines: lean blow-out (LBO), altitude relight, and cold start.
Alternative jet fuels, also called drop-in fuels, are composed of hydrocarbons produced
from alternative sources, such as bio-derived feedstocks. The drop-in fuel can be used in
the current engines as they provide identical performance to petroleum-derived fuels. Also,
alternative jet fuels produce low emissions, especially concerning particulate matter. Thus,
reducing the aviation contribution to climate change and surface air quality [44]. Because of
the above-stated benefits of alternative fuels, U.S government has set a goal of carbon-neutral
growth for U.S. jet aviation using 2005 emissions as a baseline by 2020 [45]. The University
of Cambridge is contributing to the area of bluff body stabilized flames.
With the increasing emphasis on the use of alternative jet fuels [43], it is becoming very
important to obtain a stable flame with these fuels and find the lean global blow-off limits in
a turbulent flow. This work meets that need by considering premixed vapourised kerosene
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flames stabilised by an unconfined bluff-body burner similar to that in Refs. [29, 31? , 32, 36].
This dissertation results help identify the extent to which previous findings on simple fuels
can be extrapolated to more complex ones.
1.2 Outline
This dissertation aims to study the influence of fuel type on flame structure, and the LBO
behaviour of turbulent premixed bluff body stabilised flames.
The content of this dissertation is organised as follows:
Chapter I: Motivation, Literature review and Objectives This chapter focuses on
discussing the blow-off studies and describing the dissertation objectives. Before discussing
the blow-off studies of turbulent bluff body stabilised flames, a brief review of the laminar
premixed flame’s properties is provided. After that, a review of the studies relevant to the
present work is discussed. Finally, the chapter concludes with the specific objectives of this
dissertation.
Chapter II: Experimental details and methodology The purpose of this chapter is
to introduce the experimental techniques used in this study. First, details regarding the
critical dimensions of the burner and vaporiser are provided. Then the optical diagnostics
techniques used to characterise the flow-field and flame structure are presented. Lastly,
routines employed to process the images to obtain meaningful information from the flame
structure images are discussed. The method employed to obtain flame surface density (FSD),
2D-curvature, and velocity data is presented.
Chapter III: Laminar flame simulation The results from the unstrained and strained
laminar flame simulation are presented in this chapter. The calculated laminar flame speed,
flame thickness, CH2O-layer thickness, and species distribution in the laminar flame with
methane, ethanol, heptane, A2, and C1 are presented. Additionally, the extinction strain rates
calculated from the twin flame simulation for all five fuels mentioned above are presented.
The results from laminar flame simulation were used in Chapter IV, V, and VI.
Chapter IV: Lean blow-off limits and scaling The stability limits for methane, ethanol,
heptane, A2, and C1 are presented. The stability limits are correlated with the Da correlation
based on laminar flame speed. Additionally, the extinction strain calculated from the twin
flame configuration is plotted against the blow-off velocities. The extinction strain rates
obtained from the twin strained flame simulation are used to calculate the Karlovitz stretch
factor, and the role of extinction and Le is explored in governing the LBO in this section.
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Chapter VI: Blow-off duration and mechanism In this Chapter, the blow-off mech-
anism and blow-off duration is presented. Firstly, the flame structure during blow-off is
reported with OH*-imaging. The OH* images were used to calculate the blow-off duration.
The rest of the Chapter presents the species distribution inside the RZ during blow-off with
A2 flame. The OH-PLIF, CH2O-PLIF, and Fuel-PLIF were used to capture the species distri-
bution inside RZ. A2 flame is considered as it is the most complex of all fuels considered
in this study. Lastly, results obtained are contrasted against those obtained from methane
and ethylene flames in previous works [32, 29, 36, 17], highlighting differences between the
flame structures near LBO.
Chapter V: Flame structure In this chapter, the detailed flame structure was investigated
with 5 kHz OH* chemiluminescence, OH-PLIF imaging, and 10 Hz CH2O-PLIF imaging.
Two conditions were investigated: far from blow-off (φ/φBO = 1.20) and close to blow-off
(φ/φBO = 1.01) at a bulk airflow velocity of 23.5 m/s. Four different fuels were considered,
two of which comprised a single component (ethanol and heptane), while the other two were
multi-component kerosene blends (A2 and C1). The Chapter is organised as follows: i)
Instantaneous and averaged OH*chemiluminescence images are presented with all four fuels.
The results are compared with previous studies then Abel transformed images are presented.
ii) The flame structure obtained from OH-PLIF images is reported, and the effect of turbulent
intensities on the flame structure is discussed. From the OH-PLIF images, average reaction
progress variable images were calculated and discussed. These images were used to evaluate
the flame surface density (FSD)and 2-D curvature at far from and close to blow-off conditions.
The local estimate of the average consumption speed was also reported in this Chapter. iii)
The CH2O-thickness was evaluated from CH2O images, and the results have been complied
into PDF. Lastly, the chapter presented the velocity field’s global features in non-reacting and
vapourised heptane flames under stable and near blow-off conditions. Additionally, turbulent
intensity and turbulent length scale LT are evaluated at different locations from the burner
exit.
Chapter VII: Discussion In this chapter, the results obtained from OH*, OH-PLIF,
CH2O-PLIF, and Fuel-PLIF images are discussed. Firstly, four steps in the blow-off mech-
anism are discussed in detail. The structural features of the A2 flame are compared with
methane flame during blow-off. The higher degree of CH2O-layer broadening in the kerosene
flame and its implications to the blow-off duration and blow-off mechanism are discussed.
Finally, the current flame and flames from Refs. [29, 17, 30, 46–51] were plotted on the
theoretical regime diagram [52].
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Chapter VIII: Final Remarks The conclusions of this dissertation as well as recom-
mendations for future work are provided.
1.3 Blow-off theories
The flame blow-off process has been studied since the late 1940’s, though it is still not well
understood [19, 29, 53]. Early studies analysed the bluff body’s role, inflow velocity, and
various operating conditions on blow-off. In those studies, blow-off curves were reported
as a function of the inflow velocity [24, 27, 54]. Several theories were proposed based on
the observed data. In these theories, blow-off is hypothesized when the heat required by
the fresh reactants for ignition exceeds the heat supplied by the hot products. Longwell et
al. [27] suggested that the bluff body flame’s stability depends on the residence time of
the hot product gases inside the recirculation zone. The residence time is dependent on
the velocity of the flow and the size of the stabilizer (bluff body). The velocity of the flow
controls the rate at which the mass of air enters the recirculation zone (RZ), and the size of
the RZ is dependent on the size of the stabilizer (bluff body). Therefore, the entrainment
rate is dependent on d/UB, where d is the diameter of the bluff body and UB is bulk velocity
[23]. A similar idea of the heat exchange balance between hot products and fresh reactants is
reported in Refs. [55, 56].
Zukoski [26] defined blow-off as when the contact time scale between fresh reactants
and hot products in the shear layer is less than the chemical time scale. The ignition of the
incoming fresh, unburned mixture occurs in the shear layer, where it mixes with combustion
products from the recirculation zone behind the bluff body. The flame remains anchored as
long as this feedback process continues. He defines a “critical ignition delay time" (tB) that





Where Lr is the recirculation zone length and UB is the flow velocity.
The two commonly used correlations to predict the extinction limits of premixed flames
are from DeZubay [57] and King [58]. The DeZubay empirical relationship was based on a
series of experiments in a disc-shaped flame holder in a circular duct [57]. The correlation
relates the fuel-air ratio at blow-off (φext) with velocity, pressure, and temperature. The






Ub is the bulk velocity, p is the pressure, and D is the disk’s diameter. King developed an
empirical correlation at elevated inlet temperature [58]. A single flame holder geometry was
considered, and experiments were done for the velocity range of 122 to 198 m/s and pressure
from 0.35 to 0.85 atm. The correlation was independent of the geometry as given in Eq. 1.3.
φext ∝ p0.324T 1.07(750−Ub)0.252 (1.3)
Ballal and Lefebvre [59] proposed a correlation for air/fuel ratio at lean blow-off as a
function of air flow rate, pressure, and temperature. The correlation is based on the notion
that flame extinction occurs when the heat required for the ignition of a fresh reactant exceeds







Where U is velocity, Tinlet is inlet temperature, Bg is the blockage ratio, p is pressure and Dc







Where mair is the flow rate of air, n is the reaction order, V is the volume of the combustion
zone, and x is the constant determined experimentally. Ballal and Lefebvre [59] determined
the optimum value of constants n,x, and b based on the experimental results obtained from
the bluff body stabilized propane-air flame.
A significant issue with the above theories is the unknown chemical time scale. Rad-
hakrishnan et al. [61] formulated a blow-off correlation of a bluff body stabilized premixed
turbulent flame and compared the predictions with the experimental data. They assumed that
laminar flame propagation takes less time than the characteristic fluid mechanics time. Thus,
two characteristic timescales were dominant flow time and the shear layer mixing time. The
extinction was defined when the chemical time scale λ/SL is greater than the mixing time
scale RLt/u
′
where SL is the laminar flame speed, Lt the integral length scale, u
′
the character-
istic large-scale turbulent velocity, R is a constant, λ can be defined as the Taylor microscale
and can be written as λ = (15/A)1/2l(u
′
l/ν)−1/2 where ν is the kinematic viscosity. These
characteristic times are used to develop the correlation for blow-off. Radhakrishnan assumed
that u
′
∝ Ub where Ub is the bulk air velocity at blow-off and l ∝ d where d is the length
of the recirculation zone. The correlation of Radhakrishnan can be written in the form of

















Its validation was based on extensive data sets with fully premixed flames in an afterburner-
type geometry without swirl in the original paper. The comprehensive review of Shanbhogue
et al. [23] on the lean blow-off of bluff body stabilized flames summarizes the blow-off
phenomenon into two stages: localized extinction and wake alteration. They discuss the
blow-off dynamics at various Reynolds numbers. A correlation is formulated based on the
blow-off data in the literature showing the dependence of the blow-off Damköhler number
(Da) on the Reynolds number. They summarized that the Damköhler number (Da) explains
the essential physics behind blow-off and can be defined as the ratio of the flow time scale to





The flow time scale τ f low is estimated by choosing a characteristic length scale and a
characteristic velocity scale. Three different chemical time scales τchem are considered:
1) the inverse of the extinction strain rate, 2) the “blow-off residence time" of a perfectly
well-stirred reactor, and 3) the ratio of laminar premixed flame thickness to the flame
speed. Additionally, they showed that the scaling based on unburnt gaseous velocities
rather than burnt gaseous velocities provides a better collapse of the data than the scaling
in Ref. [61]. Their comprehensive analysis showed that the simple correlation in Eq. 1.6
can be implemented to achieve consistent results across a wide range of conditions and
geometries, hence demonstrating that for simple gaseous fuels, a blow-off correlation can
be obtained without the need for empirical fits or adjustable constants. Kariuki et al. [29]
validated this correlation over several bluff body diameters and a range of Ub. They found
that Eq. 1.6 collapses LBO data from methane flames, indicating that blow-off is strongly
linked to laminar flame speed.
The ability of Eq. 1.6 to predict blow-off in a swirl stabilized premixed, non-premixed,
and spray flames was reported in Ref. [20]. They found that all three flames extinguished
at the same critical Da, providing support for using Eq. 1.5 to estimate blow-off in swirling
flames. Recently, Allison et al. [62] evaluated the LBO limits with complex fuels such as
kerosene spray flames. They found that kerosene flames are less stable than simpler fuels.
They used a 1/Da scaling equation (see Eq. 1.5) and found that laminar flame speed plays a
dominant role in scaling. Furthermore, they reported that this correlation could be used as a
good approximation for spray flames. The kerosenes used in that work were standardised
fuels coded as “A2”, which is Jet-A, and “C1”, an alternative Gevo ATJ kerosene, described
in Ref. [43]. On comparing kerosene fuels, the kerosene flames with a high derived cetane
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number (DCN) are more stable than those with a low DCN [62–64]. The spray characteristics
near blow-off of alternative fuels were compared to A2 in Ref. [65]. Rock et al. [63] showed
through CH* images that the flames produced with high DCN have more re-ignition events,
making them resilient to blow-off.
While these prior studies have provided significant insight into the LBO limits and
structure of gaseous fuels, recent studies have reported that flames with heavy hydrocarbons
or complex fuels show a substantial difference in LBO and flame structure [62, 63]. Tambold
et al. [66] showed that alcohol flames blow-off at higher equivalence ratios than methane.
Carbone et al. [38] observed changes in the flame’s global properties with complex fuels and
suggested re-examining their scaling parameters. Additionally, in Refs. [38, 66], flames with
a high Lewis number (Le) are more susceptible to extinction than those with a low Le. It is
clear that, from a fundamental viewpoint, the LBO of turbulent premixed flames has focused
on simple gaseous fuels, and the LBO scales with the square of the laminar flame speed in
gaseous fuels. Previous work concerning the LBO of kerosene-fueled flames has focused on
spray flames, where it may be difficult to isolate fuel chemistry effects from those associated
with the atomization and evaporation of different fuels. To meet this, the LBO limits were
evaluated with vapourised kerosene fuel in Chapter 4, and the results were compared with
the methane flame.
1.4 Laminar premixed flames properties
Prior to discussing the structure of the bluff body stabilized turbulent premixed flame, it is
helpful to discuss the laminar premixed flame’s structure. As the most popular combustion
model for the turbulent premixed flame is based on the assumption [67, 68] that flames that
are not strongly distorted by turbulence, the local flame structure retains the attributes of a
laminar flame.
Fig 1.2, illustrates the structure of a laminar premixed flame, highlighting its principal
features. Laminar premixed flames consist of three principle features; i) preheat zone, ii)
reaction zone, and ii) equilibrium zone. In the preheat zone, the decomposition of fuel occurs
due to the conduction of heat from the reaction zone. A negligible reaction occurs in this
region because of the low temperature and high activation energy of the fuel consumption
reactions. Most chemical reactions occur in the reaction zone. The thickness of the reaction
zone is typically of the order of 1 mm, and the temperature is high enough to overcome the
activation energy of the important reactions. In the equilibrium zone, the balance is attained
between the formation and dissociation rates of species, resulting in chemical equilibrium.
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Compared to the reaction zone, the equilibrium zone has a larger thickness, and most of the
heat release occurs in this region.
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Fig. 1.2 Profile of temperature, heat release rate, OH and CH2O obtained from the Cantera
simulation of methane premixed flame at φ = 1. Detail of the simulations can be found in
Chapter 3.
The key parameter of the laminar premixed flame is the characteristic velocity and length
scales. Laminar flame speed (SL) represents the velocity scale. SL represents the propagation
of the premixed flame normal to itself and consumes the available reactants. There are three
characteristics length scale defined based on the thickness of the flame. The length scales
include preheat layer thickness (CH2O), reaction layer thickness (HRR), and total flame
thickness (includes both preheat and reaction layer thicknesses). Fig. 1.2 illustrates the
definition and relationship between different length scales discussed above. As well as, the
profiles of the temperature and OH-species profile as a function of normal distance.
1.5 Blow-off studies on bluff body stabilised turbulent pre-
mixed flames
One of the earliest experimental investigations into the turbulent flame structure during blow-
off was performed by Nicholson and Field [54]. They employed shadowgraphy and schlieren
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photography to visualise the flame and flow field patterns. They observed flame extinguishes
in the downstream wake and then moved upstream (close to the bluff body). Similar behaviour
in the blow-off mechanism was reported by Ref. [27]. Their investigations reported that
the flame became more resilient to blow-off with an increase in inlet air temperature. On
the other hand, increasing bulk velocity (Ub) and decreasing bluff body diameter (d) reduce
flame stability. Whereas, varying pressure from 0.2 to 3.2 bar has a negligible effect on the
lean blow-off limit (LBO). Williams et al. [56] performed a detailed investigation into the
effect of fuel type, bluff body diameter, and shape on the blow-off dynamics. They observed
RZ’s shortening before blow-off, and the flame propagation in the downstream wake is
independent of the stabilization mechanism close to the bluff body. Moreover, they noticed
a residual flame in the RZ during blow-off. Similar to Ref. [54, 27, 56], Russi et al. [69]
showed an increase in bluff body temperature broadens the stability limit. They suggested
that a higher temperature of the bluff body leads to an increase in RZ’s temperature, helping
in flame stabilization.
To investigate the effect of flame holder temperature on flame stabilization. Zukoski
[26] used a water-cooled bluff body and combustion chamber. They maintained the bluff
body and combustion chamber temperature at reactant temperature (≈339 K). Furthermore,
they measured the temperature of the RZ using probes. They found that the RZ temperature
is independent of the shape and size of the bluff body. Prior to the blow-off, they noticed
a small temperature drop of RZ. However, they attributed this drop in temperature due to
experimental error, as the uncertainty of the measuring equipment was 45 0C. The effect of
blockage ratio (BR) on the blow-off limits was reported by Ref. [70]. Their results agree with
the Zukoski [26], showing that the average RZ width is not dependent on the flow velocity
and equivalence ratio (φ ). However, stability limits increase with an increase in BR up to a
critical value of BR. Moreover, as blow-off was approached, they found residual flame and
a decrease in the RZ length. They also reported the entrainment of cold reactants into the
RZ from downstream. The experiments of Filippi and Fabbrovich-Mazza [71] suggested
chemistry affects the stability limits significantly. They studied the effect of fuel injection,
oxidant, fuel-air mixture, and inert gas on the stability limit. Their results suggest that the
stability limit improves with an injection of fuel-air mixture into the RZ.
The studies in Ref. [26, 27, 54, 69] suggested that heat and mass exchange between the
free stream and RZ is crucial for the stability of the flame. However, very few researchers
focus on this exchange process [70, 72]. Winterfeld [72] experimentally determined the
residence time (τr) of the gas inside the RZ. τr was observed to be independent of the bluff
body geometry and increased in the presence of flame compared to isothermal conditions. As
observed by Zukoski [26], they also noticed no change in RZ temperature before blow-off.
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Lefebvre et al. [3] experimentally estimated the entrainment of fresh air from the blulk flow
into the RZ. They noticed entrained mass from the bulk flow decreased with the increase
in blockage ratio. Attempts were made to measure the RZ concentration using a probing
technique [73, 74]. Before blow-off, Walburn [74] observed changes in the concentration
of the burnt gases in the RZ while traversing the probe along the axis of RZ. On the other
hand, no change in concentration of the RZ gases was observed at constant equivalence ratio
and fixed location from the bluff-body in Ref. [73]. They did not study the conditions just
before the blow-off. The result suggested that the assumption of a homogeneous well-stirred
chemical reactor may be valid in RZ for conditions far from blow-off.
The experimental studies discussed above associated blow-off with the fluid-mechanical
timescale is small enough compared to the chemical timescale. Other theories include when
the chemical time scale is smaller than the contact time between the hot product in RZ and
the free stream fresh reactants [26]. Longwell [27] proposed flame stability increases with an
increase in resident time of hot gases in RZ. On the contrary, Yamaguchi et al. [75] suggested
the onset of blow-off is because of local extinction due to excessive stretch on the flame,
which leads to the entry of cold reactants into the RZ, reducing the temperature of the RZ. A
cylindrical rod stabilized propane flame was studied for Reynolds number (Red) varying from
12000 to 20000. At far from blow-off, the flame is in a cylindrical shape. As the blow-off
approached, the flame shape change was observed with the flame lying inside the RZ. The
observation of Yamaguchi et al. [75] agrees with the results of Ref [26, 27] discussed above,
as they noticed that the flame abruptly blow-off in the attachment region, failing to propagate
into a downstream wake.
Further understanding of the structure of turbulent premixed flames near blow-off and the
transient behavior of such flames during blow-off was achieved with recent advancements in
high-speed imaging of OH* chemiluminece and planar laser-induced fluorescence (PLIF)
imaging of OH and CH2O [17, 23, 29? –32]. From these experimental studies, it can be
deduced that the flame exhibits transient characteristics near blow-off as observed by Nair
and Lieuwen [76] in a pilot, swirl, and bluff body stabilized flame. They showed that flames
occur in two distinct stages before blow-off. The first stage is localized extinction, which is
the formation of holes along with the flame; the hole formation is due to the instantaneous
stretch rate exceeding the extinction stretch rate. During this stage, the flame can persist
indefinitely, and overall, the flame and wake seem to be unaltered. The second stage is
marked by the alteration of wake dynamics, the flame front’s violent flopping, an asymmetric
mode of flame shape oscillations, and even larger straining of the flame. The flame and flow
interaction with a propane flame close to blow-off was studied by Chaudhuri et al. [77], using
time-resolved chemiluminescence imaging, simultaneous particle imaging velocimetry, and
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OH planar laser-induced fluorescence imaging. The high-speed OH* chemiluminescence
images showed that the flame switches from varicose to sinuous mode close to blow-off. A
similar structure of the flame was reported in Ref. [78]. They found the mean OH profile
changed from bi-modal to uni-modal near blow-off. The joint PIV and OH-PLIF images
reveal that the flame front and the convecting Kelvin Helmholtz vortices overlap with the
shear layer, resulting in the local strain rate exceeding the extinction stretch rate in the local
extinction of the flame along the shear layer. This localized extinction leads to the formation
of a large number of holes in the flame, which can couple with instabilities, leading to the
large flapping of the flame and its eventual extinction. They also observed that the fresh
reactants enter the recirculation zone near blow-off. However, no considerable change in
the velocity profile is observed except shortening of the recirculation zone close to blow-off.
Yamaguchi et al. [75] suggested that the excessive stretching of the flame leads to local
extinction and the onset of blow-off. The sudden inflow of cold reactants into the recirculation
zone from the downstream end of the recirculation zone leads to the drop in temperature of
the recirculation zone below the critical value. Refs. [17, 28, 30] reported similar results of
excessively stretching the flame close to blow-off.
The mechanism of the fresh reactants entering into the recirculation zone from the forward
stagnation zone with a methane flame was observed by Dawson et al. [32]. A significant
fragmentation occurred, with the flame anchored to the bluff body close to blow-off. Near
blow-off, the flame length was about 2d long, where d is the bluff body’s diameter. Kariuki et
al. [29] found that methane flames change from cylindrical to “M-shaped” as they approach
LBO. Their results suggested that the near blow-off flame lasted longer than the residence
time in the recirculation zone and supported the well-stirred reactor’s underlying assumption.
Also, the regions of peak heat release were marked by the presence of OH, which was found
to be continuous and thin under conditions far from blow-off. They found that the duration
of the blow-off transient was an order of magnitude greater than the characteristic residence
time d/Ub in the burner for all blow-off conditions investigated. The experiments of Kariuki
et al. [17, 29] suggested that reactions occur within the recirculation zone (RZ) just prior
to blow-off. Namely, blow-off was found to begin in the downstream region due to local
extinction, which led to the flow of partially-burnt and unburnt reactants into the RZ, further
destabilising flame-fronts near the shear layer. Results from Refs. [31, 78] of propane flames
suggested that as blow-off is approached, the degree of interaction between the shear layer
and the flame-front increases. They also observed that localised regions of high strain rate
caused flame-front extinction within the shear layer, forming a hole that facilitated fresh
reactants’ entrainment into the RZ. In contrast, Dawson et al. [32] and Kariuki et al. [29],
who investigated methane flames, did not notice significant extinction in the shear layer;
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rather, they observed it to occur in the downstream region of the RZ, which leads to the
eventual advection of cold reactants into the RZ. This was further confirmed using joint
planar laser-induced fluorescence (PLIF) imaging of OH and CH2O, Kariuki et al. [36]
imaged heat release (HR) layers in their methane flames as LBO was approached. Breaks
in the HR regions, which were interpreted as local extinction events, were observed along
with their flame shear layers. However, no apparent connection between the cold reactants
in the RZ and the annular reactant jet was observed, suggesting that reactants did not enter
the RZ from the sides. Their findings were consistent with OH-PLIF images presented in
Refs. [29, 32], which suggested the presence of reactions within the RZ during the LBO
transient. A significant accumulation of CH2O was found inside the RZ close to LBO [36].
The difference in the flame behaviour at LBO between Refs. [31, 78] and Refs. [29, 32] could
be attributed to the different burner geometries [8] and the Lewis number (Le). Namely, the
propane flame in Refs. [31, 78] has Le > 1, rendering it more susceptible to local extinction
due to strain than a methane flame with Le≈ 1. Yet, for methane, extinction events appear to
result from flame-flame touching and hence incomplete combustion primarily.
Most of the aforementioned studies emphasized the role of local extinction in dictating
global blow-off. Various experimental investigations were conducted to study the flow field
(e.g., turbulence level and length scale) of turbulent premixed bluff body stabilized flames
[29, 79, 80]. Kariuki et al. [29] studied the flow field of non- and reacting methane flames
at conditions far and close to blow-off. The height of the RZ is approximately 1 bluff-body
diameter (d) under non-reacting conditions, yet in reacting conditions this height increases to
1.5 – 2 × d. Also, they observed that the turbulent intensity increases when moving away
from the burner towards the downstream regions of the flame. A similar rise in turbulent
intensity was observed in disc-shaped bluff body flames [79, 80]. Chaudhuri et al. [79]
associated an increase in turbulent intensity with local extinction of flamelets in the shear
layer. Kariuki et al. [29] determined the turbulent Reynolds number (ReT ), Karlovitz number
(Ka) and Damkhöler number (Da) along the flame front at conditions far from and close to
blow-off. They found Ka to increase and Da to decrease by a factor of three as their flames



























where τL = δL/SL and τη∗ and η∗ are the Kolmogorov time and length scales, respectively.
In Eq. 1.9 and 1.10, δL is the laminar flame thickness, SL is the laminar flame speed, u′ is the
magnitude of the velocity fluctuations, and LT is the integral length scale. Ka < 1 indicates
that the chemical time scale is shorter than the Kolmogorov scales and the turbulence is not
able to affect the inner flame structure. That is the inner structure of the flame is still close to
the laminar flame. On the other hand, Ka > 1 and Da > 1 the turbulent integral time scale is
larger than the chemical time scale, but the Kolmogorov scales are smaller than the flame
thickness and may modify the internal flame structure [81].
Karuki et al. [16] noticed the increase in Ka in the downstream region of the flame.
redThey observed a maximum value of Ka of the order of 10 at a distance of 1.2d, where the
flame closes from opposite sides of the RZ at a condition close to blow-off. Ka significant
variation suggested that the flame is more susceptible to extinction where it bends parallel to
the bluff body. In general, extinction occurs when the flame stretch is higher than SL/δL [52].
An increase in local extinction was observed by Chowdhury et al. [80] with increased free
stream turbulent intensities (u′/Ub). The flame structure alters as the turbulence intensity
increases from 4 to 14 %. They observed unburnt mixture fingers inside the hot product
without discontinuities in the heat release front. At high turbulence intensity (24%), the
local flame structure was strongly modified, with flamelet merging, localized extinction
along the shear layer, and flame fragmentation. The flame’s general shape was observed to
change from varicose to sinus mode as observed in Refs. [23, 76, 77]. The broadening of
the preheat zone with the turbulence was observed. Similarly, preheat zone broadening was
observed by Karuki [16], in methane flame close to blow-off. As the turbulence intensity
was further increased to (30%), the flame front was found to feature four characteristics:
flamelet merging, localized extinction, pocket formation, and fragmentation of the flame
segments. The experimental results of Kheirkhah and Gülder [82] showed that the flame
front is weakly wrinkled at low turbulence intensity (4−6%). However, strong wrinkling,
localized quenching, and pockets of reactants have been found using the laser tomography
technique at higher turbulence intensity. An increase in flame thickness and flame-front
wrinkling were found to increase with u′/Ub [37].
Tamadonfar and Gülder [83] studied the effect of Ka on the inner structure of the
methane/air turbulent premixed flame. All experimental conditions were located in the thin
reaction zone regime as the variation Ka is from 1.2 to 20.7. The temperature and velocity
fields were investigated using Rayleigh scattering and particle image velocimetry (PIV). With
an increase in Ka, the normalized preheat and reaction zone thickness decreased, indicating
an increase in stretch rate is the controlling mechanism. The study with piloted methane-
air flames subject to extreme turbulence levels [33] (e.g. Ka > 100) exhibited continuous
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reaction layers with little localised extinction [46–50]. Skiba et al. [50] observed a similar
broadening of preheat regions in their high Ka methane flames. They noticed an increase in
preheat region with an increase in axial distance from the burner exit and suggested that local
extinction was rare even for their flames with Ka > 100; yet, this is primarily a consequence
of the large pilot-flame employed in their study. Zhou et al. [47, 49] reported that the
flames with Ka > 126 have a CH layer 10 times larger than the laminar CH layer. In their
flame images, the CH and HCO were observed to penetrate deep into the OH layers, further
supporting that the flame is a distributed reaction regime (DRZ).
An important feature of turbulent premixed flames is the flame surface density (FSD).
It is commonly used to model the averaged or filtered reaction rate term in RANS or LES
simulations, respectively [5, 84, 85]. Additionally, it can be used to determine local and
global consumption speeds of turbulent premixed flames [8]. The variation of FSD in a
conical bluff-body stabilised methane flame at stable condition and close to blow-off was
investigated by Kariuki et al. [29].
FSD has also been studied for premixed V-shaped flames in several previous studies
[30, 37, 86]. Chowdhury et al. [80] observed local extinction of the flame with an increase in
turbulent intensity (u′/Ub), leading to a decrease in FSD. Kheirkhah et al. [37] reported a
similar reduction in FSD with increasing u′/Ub. In all of these studies, the FSD exhibited an
inverse parabolic distribution when presented in average progress variable (c) space. While
most of these studies focused on the influence of turbulence on FSD, recently, Chowdhury et
al. [80] also considered the effects of fuel-type on FSD. Namely, they considered methane-,
ethylene-, and propane-fueled flames stabilized on a disc-shaped bluff body and found FSD
to depend on the unstrained laminar flame speed.
Trabold et al. [39] computed the integrated 2-D FSD for alcohol fuels. The integrated
2-D FSD was found to change at the same rate up to a height of four times the jet diameter
for all flames. It was postulated that the turbulent shear flow influenced the flame structure
up to that height. In the downstream regions, they observed a larger increase in the value of
the integrated 2-D FSD for methanol, ethanol, and methane. The higher value is linked to
intense wrinkling and small volume as the flame length was smaller for these fuels in lean
conditions.
Beyond being an important intermediate combustion species, CH2O is also often used as
a marker of the preheat region of premixed flames [17, 50]. The preheat layer was measured
in many previous studies using fuels such as methane, ethylene, and propane [17, 30, 50]. In
all of these studies, preheat-layer broadening was observed with an increase in normalised
turbulence level (u′/S0L). Kariuki et al. [17] applied CH2O-PLIF imaging to ethylene in a
conical bluff body flame and found that the flames close to blow-off displayed broad regions
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of CH2O, with a significant amount of it being located within the recirculation zone. This
broadening of CH2O-layer can be related to an increase in (u′/S0L) because of the decrease in
equivalence ratio. Moreover, flames close to blow-off tended to demonstrate a high degree of
fragmentation (i.e. localised extinction), particularly in regions far downstream of the bluff
body [29, 17]. The broadening of the preheat layer with an increase in (u′/S0L) has also been
reported in several numerical studies [87, 88]. The preheat layer thickness can be as high
as ten times the laminar flame thickness [47, 48, 50]. Recently, numerical efforts have been
performed to understand the impact of turbulence and heavy hydrocarbon fuel properties on
premixed flame features, including preheat layers [89–91]. For example, the direct numerical
simulation (DNS) study of Aspden et al. [40] suggested that high Lewis number (Le) flames
such as dodecane are more suspected of turbulent mixing and result in the broadening of the
preheat zone.
Recent advancement in numerical methodologies have made it possible to simulate these
laboratory-scale flames [8–15]. Massey et al. [9] studied the structure of premixed methane
flame at far from and close to blow-off using Large Eddy Simulations (LES) and compared
their results with the experimental results of Ref. [16]. They were able to capture the inner
share layer and RZ accurately. Additionally, a recent DNS study [40] found that flame-front
wrinkling was suppressed in high-Le flames, resulting in a considerable reduction of the
turbulent flame speed. The increased flame front thickness with Ka was observed by ref
[92]. The turbulence effect on the preheat and reaction zone of a turbulent methane-air slot
bunsen flame was investigated using direct numerical simulation (DNS) [15]. They observed
a broadening of the preheat regions and claimed turbulent structures are responsible for this
broadening. A similar broadening of the preheat regions was observed in Ref. [93].
While such studies of single-component hydrocarbons have provided significant insight
into the turbulent premixed flame structure [18, 29, 32? , 77? ], there have been relatively few
investigations into the fundamental aspects of turbulent premixed flames operated with heavy
hydrocarbon fuels. Heavy hydrocarbon fuels have lower resistance to cracking, and they can
decompose into small fragments in the preheat zone [38, 94, 95]. Also, the experimental
studies of Dinkelacker et al. [96] and Chen and Bilger [97] reported that the turbulence
affects the preheat zone, thus affecting the type of reactants supplied to the reacting zone.
Since heavy hydrocarbon fuels decompose readily, the prolonged exposure to high tem-
peratures in the preheat zone could modify the type of hydrocarbon fragments reaching
the reaction zone. The effect of fuel at different equivalence ratios on the local and global
flame is studied in Ref. [38]. They studied straight-chain (paraffin and olefin), branched,
cyclo, and aromatic C1-C8 hydrocarbons. The behavior of the methane/air flame deviates
significantly from that of liquid fuels. The appearance of isolated fluid pockets emitting
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notable chemiluminescence is found to increase with fuel molecular weight. However, the
difference between the flame structure and the preheat zone for gaseous fuels (methane,
ethylene, and propane) is minimal compared to large molecular weight fuels, such as do-
decane. The high Lewis number of heavy hydrocarbon flames acts to suppress wrinkling
of the flame, resulting in lower turbulent flame speed compared to low molecular weight
fuels[40]. Also, broadening of the thermal profile of the flame is observed with an increase in
turbulence intensity. The high Lewis number dodecane fuel response is quite different from
the single-component fuel [40]. The local flame speed with dodecane fuel is enhanced in the
region of negative curvature. The positive curvature experiences a defocusing of heat through
diffusion and results in a decrease in reaction rate. This increase and the decrease in the
flame speed result in a decrease in the local Damköhler number and an increase in the local
Karlovitz number and make the flame more susceptible to turbulent mixing, which mixes the
partially reacted reactants into the preheat zone and results in the broadening of the preheat
zone. The effect of turbulence is studied on n-heptane fuel for unity Lewis number and large
Lewis number using DNS [98]. They performed the simulation at unity and non-unity Le
to isolate the differential diffusion effects. They found that the differential diffusion effects
were present in high Ka flame leading to lower fuel consumption and heat release. In another
study [99], they considered multiple fuels with Le > 1. They observed similar turbulent
flame speeds for all fuels at a fixed reaction zone Ka in the absence of differential diffusion.
Since flames with heavy hydrocarbon fuels have a very complex chemical pathway and
distinctly different diffusivities than those with methane and hydrogen, it remains unclear
how turbulence influences their chemistry [40]. It is important to understand the effect of
fuel composition on the local and global extinction processes. In the past, fuel effects were
consolidated under one fundamental flame property: the laminar flame speed [38].
Although extensive work has been done to understand the blow-off mechanism in a
premixed single component fuel, few studies have concentrated on the blow-off mechanism
of heavy hydrocarbon fuels. The numerical simulation with DNS reported that the high-
intensity turbulence affects the flame dynamics of heavy hydrocarbon fuel as it broadens the
preheat zone. Also, heavy hydrocarbon fuels have a very complex chemical pathway and
distinctly different diffusivities than those with methane and hydrogen; it remains unclear
how turbulence influences their chemistry [38]. It is important to understand the effect of
fuel composition on the local and global extinction processes. In this dissertation, the effect
of fuel composition on the flame dynamics was studied using ethanol, heptane, and kerosene
fuel.
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1.6 Summary and specific objectives
The blow-off mechanism in premixed flame has been studied extensively in literature with
single component gaseous fuels such as methane, propane, and ethylene [29, 100, 18]. The
effect of bluff body diameter (blockage ratio) on lean stability curves was studied with
methane [28], and the results were evaluated with the correlation of Radhakrishnan et al. [61].
This correlation was validated on swirl stabilized premixed, non-premixed, spray flames by
Ref. [20], and they found that all three flames extinguished at the same critical Da. Moreover,
Allison et al. [62] evaluated this on spray kerosene flame [62] and observed SL plays a
dominant role in blow-off. Therefore, it is clear that LBO in simple premixed gaseous fuel
and kerosene spray flame scales with the square of the laminar flame speed [20, 29, 61, 62].
Furthermore, previous studies on LBO with kerosene on spray flame [62, 63] reported that
DCN plays a crucial role in blow-off. Flames with higher DCN are more resilient to blow-off,
as they have re-ignition events. This enhanced re-ignition behaviour of kerosene flames
prolongs the blow-off duration. A recent study with vapourised alcohol premixed flame [66]
showed that alcohol flames blow-off at higher equivalence ratios than methane. The changes
in the flame’s global properties with complex fuels were observed by Ref [38] and suggested
re-examining their scaling parameters, as in the past, fuel effects were consolidated under
one fundamental flame property; namely, the laminar flame speed [38]. Additionally, it
was observed that flames with a high Lewis number (Le) are more susceptible to extinction
than those with a low Le [38, 66, 87]. Besides, previous work concerning the LBO of
kerosene-fueled flames has focused on spray flames, where it may be difficult to isolate fuel
chemistry effects from those associated with the atomization and evaporation of different
fuels. In Chapter 4 of this dissertation, the effect of fuel composition and Le on the LBO is
studied with methane, vapourised ethanol, heptane, and two kerosenes (A2 and C1).
Understanding of turbulent-flame interactions has been primarily derived from studies
of gaseous fuels. Yet, as mentioned above, recent experimental, LES, and DNS results
highlight differences between flames produced by burning simple and more complex fuels
[38, 40, 41]. The DNS study of Aspden et al. [40] reported that flame-front wrinkling is
suppressed due to high Le, which leads to reduced turbulent flame speeds. Such results
suggest that the LBO process for heavy hydrocarbon fuels may be different from that
associated with simpler gaseous fuels. There have been very few studies concentrating on
the blow-off mechanism and flame dynamics of bluff-body flames with multi-component
heavy hydrocarbon fuels. Since heavy hydrocarbon liquid fuels are more commonly used in
practice, there is a need to study turbulent, premixed, heavy hydrocarbon flame structures.
For this reason, recent studies have begun to investigate the influence of turbulence and fuel
effects on heavy hydrocarbon-fueled flames. Different, more complex chemical pathways
1.6 Summary and specific objectives 21
are available for heavy-hydrocarbon fueled flames. Additionally, such fuels exhibit slow
oxidation at low (T < 650K) to intermediate (650K < T < 1000K) temperatures [101],
and this leads to broad CH2O regions. A recent DNS study [40] found that flame-front
wrinkling was suppressed in high-Le flames, resulting in a considerable reduction of the
turbulent flame speed. In Chapters 5 and 6, the structure and transient aspects of turbulent,
lean, unconfined bluff-body stabilised premixed flames (non-swirling) of vapourised liquid
fuels were investigated at stable and close to blow-off. It has been suggested that the low-
temperature chemistry characteristics of fuel may correlate with its LBO condition [38],
which further motivates the comparison between the fuels performed here. Moreover, this
work meets that need by considering premixed vapourised heavy hydrocarbon fueled flames
stabilised by an unconfined bluff-body burner similar to that in Refs. [29, 31? , 32, 36].
The specific objectives of this dissertation are:
1. To measure the LBO limits of flames with various vapourised liquid fuels and evaluate
the scaling parameters based on laminar flame speed.
2. To provide a detailed comparison between flame behaviour with various fuels during
LBO in terms of structure and blow-off duration.
3. To provide comparisons between the structural features of such flames using high-speed
OH-PLIF imaging, and low-speed (10 Hz) PLIF imaging of CH2O.
4. To measure the 2-D FSD, flame front curvature, and local turbulent consumption speed
at stable conditions and close to blow-off.
5. To investigate the effect of fuel properties on the spatial distribution of CH2O-layer
thickness.
As mentioned above, the change in flame shape was observed as blow-off approached
[32, 29, 36, 31]. Kariuki et al. [29] observed local extinction in the downstream regions
due to an increase in local Karlovitz number. Simultaneous measurement of OH and PIV
in Ref. [31] suggested localised extinctions of the flame due to locally high strain rates. In
Chapter 7, high-speed velocity measurements were performed.
The objectives of Chapter 7 are:
6. Evaluate the global features of the velocity field in non-reacting and reacting premixed
vapourised heptane flames under stable and near blow-off conditions.
7. Calculate the turbulent intensity and turbulent length scales at different locations





The details of the experimental apparatus are provided in Section 2.1. The schematic and
photographs of the burner and vapouriser are provided, along with operating conditions and
flow rates. The experimental conditions are provided in Table 2.2. In the second part of
this section (2.2), the experimental procedure and diagnostics are discussed. The details
regarding the method used to determine the blow-off limits for all five are provided. High-
speed imaging of OH*-chemiluminescence and planar laser-induced fluorescence (PLIF)
imaging of OH and CH2O is presented. The particle image velocity (PIV) system used to
measure the velocity field in the non reacting and reacting cases is presented.
Lastly, details of the image processing routines used to analyse the images acquired from
the separate diagnostic techniques and details of the measurement methods used to evaluate
the flame surface density (FSD) and 2D-Curvature are presented. The method used to process
the PIV data is also presented in this Chapter.
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2.1 Apparatus
2.1.1 Burner and fuels
A bluff body burner, similar to that used in Ref. [29], was employed to study turbulent
premixed flames behavior close to blow-off. A schematic of this burner is presented in
Fig. 2.1a (left). The burner consists of a 300-mm long outer tube with an internal diameter of
35 mm. This tube was mounted to a small plenum, and a small section of honeycomb was
fitted within its center to facilitate flow straightening. To ensure smooth flow separation at
the tube’s exit, its edge was tapered and filed to a sharp point. A conical-shaped bluff body
was mounted at the center of the outer tube via a small rod (outer diameter of ∼ 6.5 mm) that
was positioned at the center of the tube. The bluff body possessed a 45◦ half-angle and its
widest diameter, which aligned with the exit of the outer tube, measured 23 mm, providing a
blockage ratio of 43%. The picture of the burner (top view) is shown in Fig. 2.1a (right).
Figure 2.1b splits the flame into different regions to facilitate later discussions: the
“anchoring” region is defined by x < 15 mm, while the “downstream” region corresponds to
x > 15mm, where x is axial distance from the bluff body. Both areas include the RZ as well
as the shear layers and the annular jet.
Table 2.1 Chemical composition of the kerosene fuels studied [43].





+ 30% iso-dodecane (iC12H26)
+ 20% n-undecane (nC11H24)
+ 35% pentyl-cyclohexane (MC11H22)
Gevo ATJ (C1)
85% iso-dodecane (iC12H26) C12.6H22.7 17.2+ 15% isohexadecane (iC16H34)
The fuels considered here included two kerosene blends, ethanol and n-heptane (referred
to as heptane). The kerosene fuels were procured from USA National Jet Fuel Combustion
Program [43]. The kerosene fuels considered were a conventional Jet-A blend, referred
to as A2, and an alternative Gevo alcohol-to-jet (ATJ) kerosene, referred to as C1. Table
2.1 presents the chemical composition of each kerosene fuel used. The details of chemical
composition and physical properties of kerosene can be found in Ref. [43]. The primary
difference between the two kerosene was the derived cetane number (DCN); namely, A2
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possesses a DCN of 48.8 while the DCN for C1 is 17.1 [43]. Ethanol and heptane were
considered as they consist of a single component. Additionally, ethanol contains one hydroxyl
group, and it will be interesting to see where alcohol lies on the blow-off curve compared to
kerosene fuels.
Fig. 2.1 (a) Schematic of bluff body burner with bluff body diameter of 23 mm, the photo-
graph of the burner (left) shown the top view of burner and (b) OH-PLIF image showing
different regions of the flame.
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2.1.2 Experimental conditions
The blow-off limits were evaluated with methane, heptane, ethanol, A2, and C1 for the range
of velocity shown in Section 4. Two conditions were investigated with fast imaging and laser
diagnostics: stable burning φ/φbo = 1.20 and close to blow-off φ/φbo = 1.01, where φ is
the equivalence ratio and φbo the equivalence ratio at blow-off. The bulk velocity Ub at the
annular opening was 23 m/s for all these experiments. For some comparisons, and since each
fuel was globally extinguished at different equivalence ratios at the same velocity, the A2
and C1 flames were also studied at a constant φ of 0.75. The velocity field measurement
was performed for non-reacting and reacting conditions. A summary of the experimental
conditions is given in Table 2.2.
Table 2.2 Experimental conditions at inlet mixture temperature of 393 K. The error in
φ/φbo =±0.01.














The liquid fuel was vapourised before entering the burner. Figure 2.2 shows a schematic of
the vapouriser. The vapouriser used in this study is a scaled-up version of the one employed
in Ref. [38]. The vapouriser is designed to provide a maximum air flow rate of 1000 liters









(a) Schematic of vapouriser.
(b) Photograph of vaporiser.
Fig. 2.2 Vapourising system (a) Schematic of the vapouriser. (b)Photograph of the vapouriser.
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The inlet air is heated using four inline air heaters, and the power of heaters was controlled
with a proportional-integral-derivative (PID) controller. In Fig. 2.2b, inline heaters and
PID controller is marked with a green and yellow label, respectively. The heated air is
passed through two separate mixing chambers where the fuel is injected through nebulizers
(Meinhard, TR-30-A10). The function of the nebulizers is to atomize the fuel and facilitate
efficient evaporation. The mixing chambers are wrapped in the heating tape as shown in Fig.
2.2 to minimize heat loss to the walls. The details of the heater power are given in Table 2.3.
To ensure the mixture exiting the burner was fully vapourised, a series of Mie scattering
and Phase Doppler Anemometry (PDA) measurements were made before the primary ex-
perimental campaign. Results from these measurements indicate that the vapouriser system
vapourises 99.9 % of fuel. The temperature of the mixture was measured with a K-type
thermocouple at the exit of the vapouriser and the burner. The temperature at the exit of
vapouriser was monitored to ensure that it did not fall below the mixture’s saturation temper-
ature. A solenoid valve was installed on the fuel line to shut down the fuel supply in case of
an emergency. The photograph is shown in Fig. 2.2b.
Table 2.3 Number of heater and power of heaters used
in the vapourizer to preheat the air.
Heater Number of Heaters Power (W)
Inline 4 3000
Heating tape 2 1500
The vapourizer is designed to operate with different fuels at various equivalence ratios.
Figure 2.3 shows the maximum equivalence ratio at which the vapourizer can be operated at a
particular air flow rate with different fuels. The vapourizer can be operated with a maximum
air flow rate of 1000 lpm at a φ = 0.8 with ethanol. However, with heptane, A2, and C1,
it can be operated to a maximum φ = 1.4 for the same air flow rate. The maximum heat
required to vapourize the fuel is calculated based on the latent heat of vapourization and flow
rate of fuel as shown in Fig. 2.4.
2.1.4 Operating temperature and controller
The mixture temperature was kept above the saturation temperature in the mixing chambers
and at the burner exit. The saturation temperature depends on the vapour pressure of the
liquid. Vapor pressure and the corresponding saturation temperature were calculated from
each liquid’s properties and the amount of heat required to convert the liquid fuel into the
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Fig. 2.3 Maximum operating equivalence ratio with different fuels at particular air flow rate.










Fig. 2.4 Heating capacity of the vapourizer and maximum amount of heat required to
vapourize the fuel.
vapor phase (the latent heat of vapourization). The saturation temperature at a particular
equivalence ratio with different fuels is shown in Fig. 2.5.
A closed-loop PID controller is built to control the temperature of the air. The PID
controllers were designed in such a way that they provide continuous power to the heaters.
The amount of power provided by the PID controller is based on the difference between the
temperature of the air and the set value of the temperature in the controller. An individual
PID controller is used to control the heaters, and the temperature of the air is monitored to
avoid the formation of hot spots.
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Fig. 2.5 Saturation temperature of different fuel at various equivalence ratios.
Table 2.4 Flow meter accuracy and maximum flow rate.
Type Fluid Maximum flow rate Accuracy (%)
Bronkhorst Air 1000 lpm ± 1.5
Bronkhorst Air 50 lpm ± 1.5
Bronkhorst Liquid 1.6 g/s ± 1.25
2.1.5 Flow rate measurements
The Bronkhorst flow controllers are used to control the air and fuel flow rate. The maximum
flow rate and the accuracy of the flow controllers are given in Table 2.4. A compressed air
system was used to supply the air; the airline pressure was set at 5 bar with pressure regulator
and filtered with particulate and coalescent filters. A primary air flow meter (MFC 1) controls
the air flow rate through the heaters and the mixing chamber. A secondary air flow controller
(MFC 2) is connected with the nebulizer as shown in Fig. 2.2 and is set at a constant air
flow rate. The air from MFC 2 is used to atomize the fuel. The nebulizer uses the share
force to atomize the fuel into a very fine mist. A Bronkhorst Coriolis flow controller was
used to inject the fuel. The flow controller has an integrated proportional integral derivative
(PID) controller, which provides the controller on the liquid fuel rates. The nebulizers are
connected to the fuel tank through a gear fuel pump with a transparent silicon fuel line. The
silicon fuel lines were used to avoid any fuel line rust due to the different fuels used in the
study. Before starting the experiments, the fuel lines are checked for air pockets and leaks.
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2.2 Experimental procedures and diagnostics
2.2.1 Determination of blow-off point
The LBO was defined as the lowest equivalence ratio(φ ) at which the flame remained visible
for a given bulk velocity. The LBO was measured for a range of bulk velocities by igniting
a stable fuel-air mixture (i.e. one at an φ of 0.9) and then reducing the φ in steps of 1.5 %
every 20 seconds until the flame was no longer visible. The effect of reducing the fuel flow
rate influences the bulk velocity by no more than 3%, which is within the uncertainty of flow
controllers. The procedure was repeated five times for each fuel and flow-rate combination.
The LBO points were typically within ±2% of each other in terms of equivalence ratio,
which is within the instruments uncertainty.













where ν was evaluated at a pressure of 1 atm and the temperature of the air utilized for
each condition. The SL,bo was also computed by considering these mixture temperatures
and the specific equivalence ratio at blow-off. The mechanism used for each fuel and the
corresponding SL,bo is given in Table 3.1.
2.2.2 OH* Chemiluminescence measurements
Chemiluminescence in turbulent flames has been widely used in various combustion applica-
tions due to its natural occurrence in the flame, avoiding external light sources. Chemilumi-
nescence due to excited radicals (OH*, CH*, C2*, CO2*, and others) can be related to some
characteristics of the flame. OH* chemiluminescence is used to obtain the information of
heat release roughly and determine the location of reaction zones of fully premixed flames
[29]. The electronically excited molecules emit radiations while returning to the low energy
state. The emitted radiation is of a particular wavelength, and intensity can be directly related
to the excited molecule concentration.
The measurement facility consists of a monochrome CMOS high-speed camera make by
Photron SA1.1 and LaVision IRO high-speed two-stage intensifier with a spectral range of
190 to 800 nm. The measurements were done far from blow-off at an equivalence ratio of
0.75 and close to blow at φ/φBO = 1.01. The blow-off event is measured at 5.4 kHz with an
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intensifier gated at 140 microseconds. A UV band-pass filter (270-370 mm) is fitted to the
camera lens to measure the OH* chemiluminescence from the flame.
Chemiluminescence measurements are much more convenient to apply since they do
not require a costly laser pump source. Still, the main limitation is that they cannot capture
fine structures in flames since the signal is integrated through the depth of the flame So the
interpretation of chemiluminescence data can sometimes be ambiguous, and that is why the
extinction process is also examined on the burner axis by Planar Laser-Induced Fluorescence
(PLIF).
2.2.3 Duration of the blow-off event
The OH* emission collected from the combustion zone using OH* chemiluminescence
imaging was used to obtain the blow-off duration. Five blow-off events were measured with
methane, ethanol, heptane, A2, and C1. The blow-off duration was evaluated based on the
spatially integrated OH* signal decay from 50% to 5%. The 50 % upper limit was selected
based on an average of five blow-off events with each fuel. As the signal drops below 50 %,
it never grows back. The method was employed in Ref [29, 32] and referred to as natural
blow-off to measure the blow-off duration. The premixed mixture of fuel and air was ignited
at a condition far from blow-off to obtain a stable flame, and the bulk air flow rate was kept
constant. The mass flow rate of fuel flow was reduced gradually such that the decrease in
φ was in steps of approximately 0.01 every 20 seconds until the blow-off was attained. A
monochrome CMOS high-speed camera (details are mentioned in Section 2.2.2) was used
to record OH emission from the flame at a sampling rate of 5kHz during the blow-off and
subsequently stored for post-processing.
2.2.4 Planar laser-induced fluorescence
Laser-based techniques (LIF) are very advantageous as they provide non-intrusive measure-
ments. As the introduction of prob into the flow will disturb the flow, ultimately distorting
the physics of experiments. LIF has become popular to obtain the concentration of particular
molecular species in turbulent combustion since the 1980s as they provide high spatial and
temporal resolution [102]. LIF is the excitation of specific molecules by laser light of a
particular wavelength and then detecting the emitted photons by the excited species [103].
LIF is a point-based technique in which species information is collected from a single point
with each pulse. Planar laser-induced fluorescence (PLIF) is a derivative of LIF and is a
two-dimensional measurement technique. PLIF measurement involves the illumination of the
flow with a laser sheet. Therefore, LIF and PLIF essentially operate on the same principles.
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The difference between the two techniques the way the fluorescence signal is collected. In the
LIF system, the fluorescent signal can be collected by using a photomutipler. PLIF required
two-dimensional imaging equipment such as intensified CCD (ICCD) camera or intensifier
fitted with a CMOS camera.
PLIF is a species and concentration-sensitive technique for the molecules being inves-
tigated. The fluorescence signal depends on the laser light’s wavelengths and emission
patterns for a particular species. Therefore, choosing the specific molecule to be investigated
depends on the molecule’s ability to provide good insight into the experiment objectives,
its spectroscopy, ease of excitation, abundance, and detected fluorescence signal of a suffi-
cient intensity [103]. In the current study, PLIF measurement of OH, CH2O, and fuel were
performed, and the details are provided in the next sections.
OH-PLIF system
Planar laser-induced fluorescence (PLIF) imaging of OH was performed to identify the
product region of high temperature and subsequently visualize the 2-D topological structure
of the flames considered here. OH is the most crucial species in chemical kinetic models and
is found in relatively high concentration in flame. OH is a relatively long-living intermediate
at a higher temperature. It can be found in regions with no high reaction rates and provide
a strong signal. Therefore OH radial is the most common chosen radial in PLIF imaging.
Moreover, OH can be used as a boundary to distinguish between the burnt and unburnt
regions. Previous experiments with premixed flame [29, 28, 36, 20] and non-premixed used
OH-PLIF imaging to study the structure of stable and transient nature of blow-off. Ref.
[29] used OH-PLIF imaging with methane and ethylene in a similar burner configuration.
Other studies [30, 36] used OH-PLIF imaging to study the structure of propane flame. The
OH-PLIF imaging in the present work is used to investigate the flame structure at conditions
far from and close to blow-off with four fuels. OH-PLIF imaging was also used to identify
the hole or local extinction of the flame. Due to 2D imaging of the flame identifying the hole
and local extinction is difficult due to the out-of-plane motion. Therefore caution should be
paid while interpreting the local extinction events from the 2D images. In the current study,
extinction is defined when the OH-LIF signal completely disappears.
The quenching (or collisional quenching) rate is of primary importance to obtain an
accurate LIF measurement. Quenching represents energy loss of the molecule by some path-
ways other than the fluorescence. The different possibilities include dissociation, collision
with other molecules, ionization, chemical reaction, or transitions to unmonitored molecular
energy states. To avoid errors introduced by unknown quenching rates, generally saturated
LIF is performed, which involves excitation with a high-intensity laser. The quenching rate
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is low compared to absorption and stimulated emission rates. This also has the advantage of
maximizing the fluorescence signal strength. A distinctive feature of planar LIF is that the
imaging resolution is controlled not only by the camera and its associated collection optics
but also by the laser beam optics. For instance, the thinner a laser beam is focused, the higher
the resolution.
To conduct these measurements, a SIRAH Credo high-speed dye laser was pumped by a
solid-state Nd:YAG laser (model JDSU Q201-HD), which output radiation at 532 nm with a
power of 14 W at 5 kHz and a pulse duration of 18 ns. The tunable dye laser produced a beam
near 566 nm, which was then frequency doubled using a BBO crystal to produce a beam near
283 nm with an average power of 300 mW at 5 kHz (60 µJ/pulse). The frequency-doubled
output was tuned to excite the Q1(6) line in the A1Σ−X2Π (v’ = 1,v" =0) band of OH. A
wavelength (λlength) calibration for the OH-PLIF laser was performed at the start of each
experiment by maximizing the signal from a stable flame. Shifts in λlength were not apparent
during the measurements as the signal-to-noise ratio (SNR) remained constant for each of the
stable flames considered during a measurement campaign. Sheet forming optics were used to
produce a sheet with dimensions 32 (tall) × 0.2 (thick) mm2. Assuming the laser sheet has a
Gaussian profile, the laser sheet thickness was measured by scanning a knife-edge through it
and monitoring the power and position of the knife edge.
A similar camera/IRO configuration to that for the OH* measurements was used for
collecting OH-PLIF images, the only difference being that here the lens was fitted with a
narrow bandpass filter of 310±10 nm (Edmund, 34980), and the IRO was operated with a
gate of 300 ns. The camera was mounted perpendicular to the laser sheet.
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Fig. 2.6 Details of OH-PLIF system. (a) Schematic of OH-PLIF system, showing the details
of laser, camera and optical setup. (b) Pictorial view of the OH-PLIF system.
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The FOV is 40 (tall) × 40 (wide) mm2, giving a pixel projected size of ∼46 µm. By
implementing a scanning-knife-edge technique [104, 105] the actual in-plane resolution was
determined to be 280 µm. The images were cropped to remove portions of the frame void
of laser radiance, resulting in an imaged area of 32 × 40 mm2. The OH-PLIF images were
corrected for the non-uniformities in the laser sheet by dividing each instantaneous OH-PLIF
image with the average laser-sheet profile as shown in Fig. 2.7, which was obtained by
imaging the laser sheet as it passed through a cell containing an optically dense mixture of
Rhodamine and ethanol. Note that wavelength (λlength) calibration was performed at the
start of each day by maximizing the signal from a stable flame, and shifts in λlength were not
apparent during the measurements as the signal-to-noise ratio (SNR) remained constant (≈
6:1). Here, SNRs were computed as in [106] by dividing the average signal within a region




















Fig. 2.7 Normalized laser profile with OH-PLIF system. Y-axis represents the height of the
laser sheet.
CH2O-PLIF system
PLIF imaging of CH2O was performed as a means to visualize the preheat regions of the
flame [50, 47–49, 107–110]. Specifically, the experimental and numerical results of Li et
al. [111] suggested that in methane-air flame CH2O-LIF signal can serve as the marker
of preheat regions. This is further corroborated with the simulation results of 1D flame
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presented in Fig. 3.3. Fig. 3.3 demonstrated that the CH2O concentrations lies upstream of
the reaction layer.
The frequency-tripled output (near 355 nm) from a low speed (10 Hz) Nd:YAG laser
(Continuum Surelite, Electro-optics, INC) with pulse energies of ∼100 mJ was used to excite
multiple transitions within the 410 band of the A
2A1 ←− X1A1410 system of CH2O. Sheet
forming optics (a 38−mm cylindrical concave lens and a 500−mm spherical biconvex lens)
were used to produce an expanded sheet with dimensions 52 (tall) × 0.25 (thick) mm2. The
laser sheet thickness was measured using the same method to determine the 283-nm sheet
thickness (see Section 2.2.4).
Fluorescence was collected by an intensified CCD camera (LaVision, Nanostar) that was
mounted perpendicular to the laser sheet. The camera was operated with a gate of 100 ns
and was equipped with a Zeiss 100 mm f/2 lens, which was fitted with a multi-band filter
(FF01-CH2O-50). The pixel array was binned 2 × 2 before read-out, yielding a final sensor
size of 512 (tall)× 640 (wide) pixels2. This array imaged a 47 (tall)× 59 (wide) mm2 region,
giving a pixel projected size of ∼92 µm. This imaging system’s resolution (full width at half
maximum of the line spread function) was determined to be ∼ 240 µm using the scanning
knife-edge technique [104, 105].
As shown by Orain et al. [112], components of kerosene fuels tend to emit broadband
fluorescence when excited via a UV laser source. Thus, the fluorescence resulting from
passing a 355-nm laser sheet through the kerosene flames is likely to result from CH2O
as well as un-reacted components of the fuel. Therefore, the present technique for CH2O-
PLIF imaging in the kerosene flames results in ambiguous LIF signals. To crudely assess
LIF signals’ influence resulting from unburned fuel, the frequency-quadrupled (near 266
nm) output from the same laser system employed for the CH2O-PLIF imaging was used
to facilitate vapourized fuel fluorescence imaging. Further details of this assessment are
provided in Section 2.3.3.
It should be stressed that the PLIF results obtained here are purely qualitative. Rendering
such quantitative measurements is a formidable task that requires knowledge of the local
temperature and the surrounding concentrations of major species. As in most studies, such
quantities were unavailable here. Thus, to facilitate fair comparisons between measured
and simulated results, the CH2O mole fractions from the latter were corrected to account
for Boltzmann fraction distributions, collisional quenching effects associated with the finite
resolving power of the PLIF-imaging system. The results of these corrections are provided
in Section 3.1.
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Continuum Surelite, Electro-optics, INC, 1064 nm 
natural output of the laser was frequency-tripled
to obtain a pulse at a wavelength around λ = 355 nm.
Pulse width = 9 ns, 10 Hz repetition rate, 
Pulse energy = 100 mJ 1064 nm 
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(b) Pictorial view of the CH2O-laser setup..
Fig. 2.8 Details of CH2O-PLIF system. (a) Schematic of CH2O-PLIF system, showing the
details of laser, camera and optical setup. (b) Pictorial view of the OH-PLIF system..
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Fuel-PLIF system
The same laser setup was used to obtain Fuel-PLIF images from the A2 flames. The only
difference from the OH-PLIF was that the laser beam was detuned from the Q1(6) line to
avoid the OH radical’s excitation. For Fuel-PLIF, the same high-speed camera as for the
OH* imaging was used. The IRO was gated at 300 ns. Since fuel fluoresces over a broad
spectral range (∼300 - 420 nm) [112], a long pass filter of 320 nm was instead employed for
the Fuel-PLIF measurements.
2.2.5 Particle image velocimetry system
Particle image velocimetry (PIV) is an optical measurement technique used to capture flow
field information. PIV system consist of several subsystems. In most applications of PIV,
tracer particles are added to flow. These tracer particles are illuminated twice by using a light
source. The scattered light is capture by using a recording device such as a camera. The PIV
recording is used to determine the displacement of the particle between the two laser pulses.
The PIV system consisted of a solid-state diode-pump (SSDP) Nd:YLF dual oscilla-
tor/single head laser (Quantronix Darwin-Duo), which outputs radiation at 527 nm with a
power of ≈ 27 W at 2.5 kHz (i.e. ∼10 mJ/pulse). The laser was operated in dual pulse mode
with a pulse width of 120 ns and a pulse separation of 12 µs. A 38-mm cylindrical concave
lens and a 500-mm spherical biconvex lens were used to produce a collimated laser sheet
with a height of 55 mm and a thickness of ≈ 700 µm. To avoid reflection along the laser
beam/laser sheet path, an iris and a rectangular slit were used to block the reflections.
Mie scattering from the incident laser light was collected with a high-speed camera
(Photron SA1.1) operated in a frame-straddling mode with an imaging rate of 5 kHz. The
camera was mounted perpendicular to the laser sheet and was equipped with 105-mm f/2.8
lens (Nikon) lens fitted with 527±20nm filter. The 1024 × 1024 pixel2 sensor of the camera
imaged a 65 × 65 mm2 region, yielding a projected pixel size of ∼63µm.
The accuracy of the PIV measurement depends on how closely the tracer particle follows
the flow. For this reason, to attain high accuracy in the measurements, the flow was seeded
with Al2O3 particles with a nominal diameter of 0.3µm. The Al2O3 particles have a high
melting point of 2323 K, and a high refractive index (≈ 1.8), therefore it can scatter incident
light without any adverse effect on the flame, such as quenching. The Stokes number
associated with these particles is 0.001. Thus they can trace the flow fluctuations in the
range of 0.9 MHz, which is within the range of the small-scale turbulent motions expected in
this flow. The PIV system was applied to non- and reacting flow fields. 1000 image pairs
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were collected. Vapourised heptane was used as the fuel in the reacting conditions, which
considered two cases: far from and close to lean blow-off.
2.3 Image processing and data analysis
2.3.1 OH* chemiluminescence
High-speed OH* chemiluminescence was used to characterize the flame shape. OH* can be
used to roughly estimate the localized heat release in flames [113]. The average flame shape
was obtained by averaging 5400 instantaneous OH* chemiluminescence images. Since the
overall flame was axisymmetric, as shown in section 6.1, The average OH* images were
Abel transformed with an assumption of axisymmetry to provide an approximate location of
the mean reaction rate. The mean images were chosen as the axisymmetry assumption is not
valid on instantaneous images.
2.3.2 OH-PLIF
The OH-PLIF images were analyzed by employing a detailed image processing routine.
First, the average pixel offset (i.e., the sensor dark current), laser background, and flame
chemiluminescence emissions were subtracted, on a pixel-by-pixel basis, from each image.
Following this subtraction, the instantaneous images were corrected for laser sheet inho-
mogeneities. The images were then median filtered with a kernel size of 5 × 5 pixels2 to
increase the signal-to-noise ratio (SNR) to 6:1 (here, as in Ref. [106], SNR is defined as
the ratio of the average to signal intensity to its RMS within a small region). Figure 2.9a
shows a sample of the raw image. Different values of the threshold are applied to the raw
images to obtain the optimal thresholding value. Figure 2.9b displays the binary images
with 10 %, 20 %, 30 % and 40 % threshold. The signal in the OH-PLIF images started
disappearing with a threshold value of more than 30 %. Therefore, 20 % threshold is used in
this study. Additionally, a similar binarization method (i.e., one based on the 20% contour)
was employed in Ref. [29, 114].
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Fig. 2.9 Images showing the instantaneous raw OH-PLIF image (row 1) and binarized image
















Fig. 2.10 Images showing the instantaneous OH-PLIF image after correction, binarized and
edge image with A2 flame at Ub = 23±1.5 m/s and φ = 0.75.
A sample OH-LIF image that was subjected to the aforementioned correction process
is displayed in Fig. 2.10a. The processed images were then binarized based on their 20%
contour, assuming that the regions with intensities greater than 20% of maximum correspond
to burnt gas and all other regions represented unburnt gas. The edges corresponding to these
contours were extracted from each image and are marked by the magenta lines superimposed
on a sample binary image in Fig. 2.10b. The mean progress variable (c̄) was determined by
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averaging the complete data set of binarized images as shown in section 6.3. These binarized
edge images and progress variable maps were used to obtain flame surface density (FSD)
and 2-D flame-front curvature information. Further details of which are provided in section
6.4 and 6.5.
2.3.3 CH2O-PLIF
Formaldehyde LIF (CH2O) was used to study the effect of fuel composition on the CH2O
layer, but the images were not used to quantify CH2O concentrations. Similar background
corrections to those applied to the OH-PLIF images were also applied to the CH2O-PLIF
images. The images were then median filtered with a kernel size of 3 × 3 pixels2 to
increase the SNR to 5:1. Sample images from before and after this correction process are
displayed in Figs. 2.11a and 2.11c, respectively. Note, the laser sheet used for the CH2O-PLIF
measurement was well expanded, and the vertical variation in the energy was negligible
[115]. Thus, no laser sheet corrections were performed on the CH2O-images.
Note that additional low-level fluorescence was observed in the reactant region of the
flames in the case of the kerosene fuels. This low-level signal is attributed to fuel fluorescence
[112, 116], which was confirmed by implementing Fuel-PLIF imaging via excitation near
266 nm. A sample Fuel-PLIF image acquired from an A2 flame is provided in Fig. 2.11b.
Additionally, Fuel-PLIF images showed a uniformly distributed signal which confirms that
most of the fuel in the mixture was fully vapourised. It was noted that the flourance signal
from C1 fuel was less than half of A2 at the same conditions. It may be due to the presence
of single-ring and two-ring aromatic content in A2 compared to the near single-component
iso-parrafin C1 [112, 116]. However, no flourance signal was observed in the case of ethanol
and heptane flame.
Ideally, one would perform the CH2O- and Fuel-PLIF measurements simultaneously to
properly separate the signals; however, such measurements were unavailable here. Instead, by
comparing CH2O-LIF profiles obtained from flames that do not produce fuel-LIF signals (i.e.,
methane, ethanol, and heptane) to those that do (i.e., A2 and C1), the low-level fuel-LIF signal
found within the latter was determined to be on the order of 2% of the maximum CH2O-LIF
signal in each image. Thus, an additional 2% of the maximum signal in each image was
subtracted from those obtained for two kerosene fuels. However, the subtraction does not
influence the results drastically though there was room for error as there was no simultaneous
measurement available in the current experiment for Fuel-PLIF and CH2O-PLIF.
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Fig. 2.11 Images showing the instantaneous CH2O before and after correction and Fuel-PLIF
image with A2 flame at Ub = 23±1.5 m/s and φ = 0.75.
Figure 2.12 shows profiles of CH2O-LIF signal extracted from a region ∼12 mm down-
stream of the burner for heptane and A2 flames under stable burning conditions. The two
peaks in the plot represent the flame edge, and the laser sheet propagation is from left to right.
The background signal associated with dark sensor current, non-rejected laser-light scattering,
and chemiluminescence emissions (marked by the blue line) is the same for both flames. As
highlighted by the blue circles in Fig. 2.12, the signal from the A2 flame starts rising before
(i.e. at more considerable radial distances from centerline) that is associated with the heptane
flame. As discussed in the paper section 3.6.3, this small amount of signal in the A2 flame
is attributed to fuel-fluorescence and is fuel-specific [112]. It is removed by subtracting an
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Fig. 2.12 Plot showing the average CH2O profile with heptane and A2 flame along the
horizontal axis of the burner at a distance 10-13 mm from the burner exit. The axis of the
burner is represented by ’0’ on the plot.
The CH2O thickness was calculated from the corrected CH2O-PLIF images following the
scheme implemented in Ref. [50]. In particular, to estimate the CH2O-layer thickness from
the instantaneous images, a dynamic thresholding scheme was performed. Following this
thresholding, a contour of 10% (magenta line in Fig. 2.11d) was extracted from each image.
Based on these contours, each image was binarized, and the skeleton of each binarized layer
was identified. A sample binarized image with its skeleton overlaid (green line) is shown in
Fig. 2.11d. As in Ref. [50], the distance from each skeletal point to the nearest edge point
(10% contour) was determined and multiplied by a factor of two to give the full width at 10%
of maximum at each skeletal location. Subsequently, this information was compiled into
probability density functions (PDFs) of thickness that were normalized by their respective
values of simulated laminar flame thickness, δ (l)∗CH2O (see Table 3.1).
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2.3.4 Flame surface density
The 2-D FSD (Σ2D) represents the amount of flame surface area per unit volume at a given
point and instant within the reacting flow field [86]. In the present work, Σ2D represents a
2D estimate of the full 3D-FSD. As shown by Bell et al. [117] and Veynante et al. [118],
the 3D-FSD is expected to be ∼1.3 times larger than that of the 2-D FSD; however, this
does not invalidate comparisons between the separate flames considered here. The 2-D FSD
was calculated by using the method of Shepherd [86], which was also employed in other






where A(c̄) and L(c̄) are flame zone area and total flame-front length, respectively. In the
current study, A(c̄) was calculated from the average progress variable image c̄, shown in
Figs. 6.7a and b. Namely, the A(c̄) maps were divided into 10 sectors that corresponded to 10
specific values of c̄ (referred to as c̄∗). Each sector was centered about these c̄∗ values such
that they were defined as: c̄∗±∆c̄/2, where ∆c̄ = 0.05, which was selected as it provided
the best balance between the noise and resolution in the computed FSD-field [37]. L(c̄) was
then determined by summing all 5400 edge-images and determining the total flame length
occupying the area covered by each individual c̄-sector.
2.3.5 2-D curvature
The 2-D flame-front curvature was evaluated along the iso-contours of instantaneous edge
images. The flame edge coordinates, corresponding to the 20% contour of the OH-PLIF
images, were obtained from each image and were subjected to 1-D wavelet-based filtering
to remove artifacts associated with the discrete nature of the images. A sample OH-PLIF
image with its extracted edge is shown in Fig. 2.10b. The 2-D curvatures of these edges were
measured by calculating the first and second derivatives in the x and y direction along with





where ẋ = dx/ds and ẍ = d2x/ds2. The flame segments that are convex towards the reactants
are defined with positive curvature and vice versa. The laser sheet thickness used to evaluate
the curvature was ≈ 200µm, and the resolving power of the imaging system is ∼ 280µm.
Thus, the minimum curvature that could be resolved based on the imaging system is estimated
to be ∼ 2 mm−1.
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2.3.6 PIV processing
Vector calculation of the images was performed with commercial software (Davis 8.3).
Prior to processing, the average pixel offset (i.e., the value without laser-light present) was
removed from each image. A multi-pass cross-correlation algorithm was used with an initial
interrogation window size of 24 × 24 pixel2 with 50% overlap and a final window size of 12
× 12 pixel2 with 75% overlap. Such processing yields a vector spacing of ∼189µm and an
interrogation window size of ∼760µm. Based on an estimated integral time scale of 0.22 ms
and imaging frequency of 2.5 kHz. The total number of independent samples was ≈ 920.
This leads to maximum relative errors of convergence in the mean and variance of ≈ 1% and
≈ 4% [120].
2.4 Summary
Three different PLIF measurements were used to study the structure of the flame. For
convenience, a summary of three PLIF diagnostic techniques is provided in Table 2.5. Table
2.5 presents in-and out-of-plane resolutions and signal-to-noise ratios (SNRs) estimations for
the images gathered in this study. The SNR was determined for PLIF images by applying the
median filtering and the average signal in the particular region was divided by the standard
deviation of that signal within that region.
Table 2.5 Diagnostics details of PLIF systems. The in-plane resolutions represent the
FWHM of the line spread functions (LSFs) associated with each imaging system (prior to
the application of filters). The out-of-plane resolutions represent the thickness (FWHM) of
the laser sheets, which were determined via a scanning knife-edge method. "PPS" stands
pixel projected size.
Diagnostics Rate PPS In-plane Out-of-plane SNR
OH-PLIF 5.0 kHz 46µm 240 µm 0.22 mm 6.1
Fuel-PLIF 5.0 kHz 46 µm 240 µm 0.20 mm 6.1
CH2O-PLIF 10 Hz 92 µm 240 µm 0.25 mm 5:1
For the PIV measurements, the laser sheet thickness was ≈ 700 µm and the imaging
system at full resolution yielded a pixel projected size of ≈63µm. At the frequency of 2.5
kHz, the total number of independent samples was ∼ 920 with the maximum relative errors
in estimating the mean and variance of ≈ 1 % and ≈ 4 %.
Chapter 3
Laminar flame simulation
An analysis of unstrained and strained (counterflow premixed twin flame) laminar flame
simulations using Cantera [121] is presented in this chapter. Simulations were conducted at
the same pressure and temperature as the experiments, i.e., at a reactant pressure of 1 bar
and a temperature of 393 K. A description of the mechanism is provided in Table 3.1. The
fuels used are methane, ethanol, heptane, A2, and C1. Simulations were performed to obtain
laminar flame speeds, extinction strain rates, and laminar flame structure for interpretation of
blow-off curves and flame images in the following chapters.
For the laminar premixed flame calculations, the adiabatic temperature (Tad) across a
flame, and for twin-premixed flame calculations, extinction strain rates are obtained for
various equivalence ratios for all five flames. Extinction strain rates of only premixed twin
flames were obtained, not counterflow premixed flames stabilized in a strained flow field, with
opposite flow formed from equilibrium products, as these flames had unrealistic extinction
strain rates.
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3.1 Laminar flame speed
One-dimensional, premixed, and freely propagating laminar flame calculations were per-
formed using Cantera [121]. These simulations were performed at a reactant pressure of
1 bar and a temperature of 393 K. The detailed chemistry details and transport properties
to obtain the laminar flame speed, SL, and to compute the laminar flame structure in terms
of profiles of temperature T, species mole fraction, especially the mole fraction of OH and
CH2O (the PLIF of the two radicals is measured in the following experiments). The fuels
used are methane, ethanol, heptane, A2, and C1.
The detailed mechanisms used in the laminar flame simulation are provided in Table 3.1.
For methane flame simulation, USC Mech II [122] high-temperature oxidation kinetic model
(111 species and 784 reactions) was used. Marinov [123] proposed a kinetic model with
56 species and 351 reversible reactions for ethanol. Heptane flames were simulated using
a detailed kinetic model by Smallbone et al. [124] with 955 reactions and 130 species.
To simulate the kerosene (A2 and C1) flame chemistry model based on a hybrid approach
proposed by Ref. [125, 126] was used. In the hybrid chemistry approach, the fuel’s kinetics
of thermal and oxidative pyrolysis are modeled using lumped kinetic parameters.
Table 3.1 Freely propagating laminar flame simulation results. The composition of A2 and
C1 are provided in Table 2.1
Fuel Mechanism
φ SL δ (l)CH2O δ (l)
∗
CH2O δl
(cm/s) (mm) (mm) (mm)
Methane USC Mech II [122]
0.75 39.37 0.57 0.8 0.48
0.61 23.28 1 1.1 0.68
Ethanol Marinov [123]
0.75 44.97 0.46 0.60 0.41
0.641 31.70 0.6 0.8 0.51
Heptane Smallbone et al. [124]
0.75 43.50 0.50 0.70 0.42
0.635 30.43 0.65 0.8 0.52
A2 HyChem (POSF10325) [125]
0.75 40.09 0.52 0.75 0.44
0.68 33.07 0.68 1 0.48
C1 HyChem (POSF11498) [126]
0.75 36.91 0.54 0.70 0.46
0.71 33.43 0.71 0.8 0.48
Figure 3.1 presents the unstrained flame speed (SL) for methane, ethanol, heptane, A2, and
C1. The computed SL values were around the experimental values given in Refs [7, 127, 122–
126] and within. The trend in SL with φ is captured well for different fuels. Ethanol and
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heptane exhibit higher values of SL than the other three fuels. A2 and methane displayed
almost the same SL, and C1 showed the lowest SL. At φ ≈ 1, the difference in SL is more
prominent than lean and rich conditions. In lean conditions at φ < 0.75, the difference in SL
for separate fuels is not huge, as shown in Fig. 3.1. Figure 3.1b represents the adiabatic flame
temperature (Tad) with separate fuels studied here. The Tad curves align close to each other
for separate fuels. The Tad peaks around φ ≈ 1.1, with maximum value of Tad ≈ 2300 K. At
φ ≈ 1, the ethanol and methane showed a lower value of Tad compared to heptane, A2 and
C1. The range of φ studied in the current flame heptane, A2 and C1 showed almost equal
Tad . In lean and rich conditions, the difference in Tad decreases between separate fuels.
Table 3.1 shows the calculated value of SL, laminar flame thickness (δl) and laminar
CH2O thickness (δ (l)CH2O) at φ = 0.75 and at φ/φBO = 1.01 (based on the results presented
in Chapter 4). The δl is computed based on the relation (Tmax−Tmin)/(max(δT/δx)), where
T is the temperature. The thickness of the simulated CH2O profiles (δ (l)CH2O), was defined
here as the full width at 10% of maximum. It can be seen from Table 3.1, SL decrease, δl ,
and δ (l)CH2O increases as blow-off is approached. At blow-off, A2 and C1 had the highest
SL, methane showed the lowest value, where as ethanol and heptane showed SL in between.
In lean conditions, it was noticed that methane had the highest value δ (l)CH2O and both
kerosene (A2 and C1) showed the lowest value.
To facilitate fair comparisons between the simulated and measured CH2O-layer thick-
nesses, the former were corrected to account for Boltzmann fraction distributions, collisional
quenching, and effects associated with the finite resolving power of the PLIF-imaging system.
Namely, the formulation put forth in Kyritsis et al. [128] was used to account for the tem-
perature dependence resulting from the population distribution of the ground laser-coupled
state of CH2O. Additionally, as in Refs. [129–131], the collisional quenching cross-sections
were assumed to have a temperature dependence of T−0.5 such that the total collisional
quenching rate was proportional to T−1. Finally, as in Refs. [132, 133], a Gaussian filter with
a standard deviation corresponding to that of the measured line spread function associated
with the imaging system (∼250 µm) was applied to the temperature-corrected, simulated
CH2O profiles to account for the blur induced by the finite resolution of the imaging system.
The corrected laminar CH2O-layer thicknesses are referred to as δ (l)∗CH2O. The results of
these corrections are presented in Table 3.1. The intent of obtaining the corrected laminar
CH2O thicknesses (δ (l)∗CH2O) was to normalize the experimentally obtained CH2O-layer
thicknesses (δ (l)CH2O) as shown in Chapter 5.
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Methane Ethanol Heptane A2




























































(a) Laminar flame speed
(b) Adabatic flame temperature
Fig. 3.1 Laminar flame speed with different fuels. The simulation were run at 393 K and 1
bar atmospheric pressure.
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3.2 Species distribution in laminar flame structure
Figure 3.2 the mole fraction of OH and CH2O computed from the laminar flame simulation
with progress variable (z). The z is defined based on the temperature. Ethanol showed the
highest value of OH and CH2O, which is likely due to ethanol’s chemical composition.
Namely, each ethanol molecule contains OH through a single bond, which likely breaks away
from the rest of the molecule as the fuel cracks, resulting in locally higher concentrations.
A2 and C1 showed almost the same mole fraction of OH. On the other hand, A2 showed a







































Fig. 3.2 Plot showing the mole fraction of OH and CH2O (phi=0.75) with different fuels.
The progress variable (z) is defined based on the temperature.
As expected, CH2O is produced in the preheat zone/low-temperature regions see Fig.
3.3, peaks in the mid-temperature range (1200 K to 1400 K), and consumed in the high-
temperature regions (> 1700). On the contrary, OH is produced in the high-temperature
regions where CH2O decreases and the amount of OH is high in the post flame region. The
trends in OH and CH2O are in agreement with Refs. [36, 134]. The peak CH2O was observed
to occur at 1200 K for methane. In contrast, for kerosene (A2 and C1), the peak value of
CH2O occurs at a higher temperature, around 1400 K. This may be due to the chemical
models employed to calculate the laminar flame simulation and further investigation of the
reaction pathway is required, which is out of the scope of this dissertation.
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Fig. 3.3 Plot showing the mole fraction of OH and CH2O (phi=0.75) with methane, ethanol,
heptane, A2 and C1. The x-axis represents the temperature.
3.3 Structure of laminar twin flame
Counterflow twin premixed flame simulations were performed with methane, ethanol, hep-
tane, and A2 in Cantera [121] at a range of strain rates until extinction. The same mechanisms
were used here as in laminar flame simulation, and the details can be found in Table 3.1. As
shown in Fig. 3.4, the premixed fuel-air mixture jets were injected from the opposite side at
the same velocity. Figure 3.4 presents the profile of temperature, OH and CH2O with A2 at
strain rate = 100 s−1, x-axis represents the distance between the two flames. It can be seen
that CH2O is presented in the preheat regions and OH starts to increase in the preheat regions
and is present in the post-flame region. The temperature was observed to reach equilibrium
between the two flames. This configuration is of particular interest, as reported in previous
studies [29] that blow-off triggers in a bluff-body methane flame in the downstream regions
due to flame-flame merging. A similar observation of flame-flame merging in the burner’s
downstream regions is reported in Chapters 5 and 6.
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Fig. 3.4 Profile of temperature, OH, and CH2O obtained from strained twin flame simulation
with A2 at strain rate = 100 s−1. The OH and CH2O were normalised by their maximum.The
total distance between the injection point is 3 cm.
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Fig. 3.5 Plot showing the mole fraction of OH and CH2O (phi=0.75) with methane and A2
at strain rate = 100, 390, 560 s−1. For A2 strain rate = 560 s−1 is close to extinction as the
flame extinguishes above this strain rate. The x-axis represents the temperature.







































































































Strain rate = 100 s-1
Strain rate = 390 s-1
Strain rate = 560 s-1
(a) Mole fraction, HRR and temperature profile (b) Zoom in of the region marked with yellow 
OH   10 CH2O   2 O2 200 A2   15 HRR   e
12
Fig. 3.6 Plot showing the mole fraction with distance (a) Profile of OH, CH2O, O2, A2 (fuel),
heat release rate (HRR) and temperature at φ=0.75 with A2. As the flame is symmetrical
in nature, only left side of the flame is shown in this figure. (b) Zoom in view of the region
marked with yellow color in Fig. 3.6a.
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Figure 3.5 effect of strain on the mole fraction of OH and CH2O in methane and A2
flame. Three strain rates were investigated: 100, 390, and 560 s−1. The decrease in the mole
fraction of OH and CH2O was observed with an increase in strain rate. Similar trends were
observed with ethanol, heptane, and C1. It was observed that the drop in peak OH and CH2O
was higher in A2 than methane at the same strain rate. It may be because of the proximity of
the A2 flame close to extinction, as the A2 extinction strain (Slam) at φ = 0.75 is ≈ 560s−1
whereas in methane it was 5 times higher (see Fig. 4.3). Figure 3.5 shows that CH2O peaks
around 1200 K in the methane flame and kerosene peaks at around 1400 K, whereas OH is
present in high-temperature regions. The similar behaviour of OH and CH2O was observed
in laminar flame simulation as reported in Section 3.2. The temperature at which peak OH
and CH2O occur does not show any dependency on strain rate.
Figure 3.6 presented the OH, CH2O, O2, A2 (fuel), heat release rate (HRR) and tempera-
ture at three stain rates: low (100 s−1), medium (390 s−1) and close to extinction (560 s−1).
As shown in Fig. 3.4, the flame is symmetrical. Only half of the domain is shown here. It
was observed that the flame moved towards the center with an increase in strain rate, and
extinction happened when the two flames from opposite sides merged. The decrease in HRR
and temperature was noticed with an increase in strain rate. Figure 3.6b reports the zoom-in
of the region marked with a yellow box in Figure 3.6a. Figure 3.6b shows that the OH, O2
and A2 profile remain the same with an increase in strain rate. The broadening of the CH2O
profile was observed with an increase in strain rate. The extinction strain rate (Slam) was
evaluated with all five fuels at different φ and is presented in the next section.
3.4 Extinction strain rate in twin flame simulation
The laminar extinction strain (Slam) rate was estimated with all five fuels listed in Table 3.1.
The simulations were performed at blow-off equivalence ratio at different velocities shown
in Fig. 4.1. The Slam was estimated only from laminar twin flame simulations and not from
the opposed flow flame consisting of an equilibrium product on one side and a premixed
mixture on the other side. As the flame with reactant on one side and equilibrium product on
the other side never extinguishes or has unrealistic Slam. The laminar strain rate was defined
as δ (v)/δ (x) and extinction strain was calculated at the position of maximum strain rate
(max(δ (v)/δ (x))) as shown in Fig. 3.7. Figure 3.8 presents the extinction strain rate for
all five fuels at φ = 0.65, 0.70, 0.75. It can be seen that the laminar extinction strain rate
increases with the equivalence ratio.












k = max δ(u)δ(x)















Fig. 3.7 Axial velocity and heat release rate (HRR) profile of counter flow twin flame
simulation.































Fig. 3.8 Variation of extinction strain rate with equivalence ratio of counter flow twin flame
simulation.
Kerosenes (A2 and C1) showed the lowest values of extinction strain rates than methane,
ethanol, and heptane, as shown in Figure 3.8. Methane showed the highest strained laminar
flame speed compared to kerosenes. As the highest values of simulated strained laminar
flame speed and extinction strain rate were from methane, the results suggest that kerosenes
are more prone to extinction than methane.
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The purpose of performing the freely propagating laminar flame simulation was to
determine the SL. The SL is used in the extinction correlation by Radhakrishan et al. [61]
given in Eq. 2.1 and the results are presented in Chapter 4. In addition, SL is used to
normalize the local turbulent consumption speed ST,LC. Furthermore, SL was used to obtain
the normalized turbulent intensity in Chapter 6 and plot the flames in this work on a theoretical
regime diagram [135].
In section 6.5, the laminar flame thickness is used to normalize the experimentally
obtained curvature of the turbulent premixed flame. The extinction strain is used in the
correlation proposed by Shanbhogue et al. [23] in Chapter 4.
3.5 Summary
The results of unstrained and strained laminar flame simulations are presented in this chapter.
Detailed mechanisms and transport properties were applied to methane, ethanol, heptane,
and two kerosene (A2 and C1). Laminar flame speeds were obtained at various equivalence
ratios. The flame structure of the laminar flame was discussed. It was observed that OH
forms in a high-temperature region and is also present in the post-reaction zone. CH2O is
formed at low temperatures and consumed at high temperatures in premixed flames. For
all five fuels, the extinction strain rate was calculated at different equivalence ratios. It was
observed that kerosene is more prone to extinction in a twin premixed flame configuration
than in a methane flame. The extinction strain rates for ethanol and heptane are between
those of kerosene and methane.

Chapter 4
Lean blow-off limits and scaling
This chapter discusses the lean blow-off limits with ethanol, heptane, and two kerosene (A2
and C1) fuels and compares the results with methane flame1. The LBO limits are presented
in Section 4.1 and to facilitate comparisons with gaseous flames, results were also obtained
from methane flames. The results were evaluated based on a Da correlation based on laminar
flame speed proposed by Radhakrishnan et al. [61]. The extinction strain rate obtained from
the twin strained flame simulation is used to investigate the role of extinction and Le in
governing the LBO.
1Some of the results of this Chapter have been published in: Rohit S. Pathania, Aaron W. Skiba, Jenni A. M.
Sidey-Gibbons, Epaminondas Mastorakos, Lean blow-off scaling of turbulent premixed bluff-body flames of
vapourised liquid fuels. Journal of Propulsion and Power, 2020.
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4.1 Lean blow-off limits
Figure 4.1 shows the LBO curve for the kerosene (A2 and C1) and single-component fuels
(methane, ethanol, and heptane). Based on the procedures described in Section 2.2.1, each
experiment was performed 20 times. As observed in prior studies (e.g., Refs. [29, 28, 62]),
the equivalence ratio at which the flames blow-off increases with higher Ub. Figure 4.1
indicates that the kerosene fuels are less stable than ethanol and heptane, with C1 flames
being the least stable. As Fig. 4.1 shows, methane flames are found to be the most resilient,
while the stability curves for ethanol and heptane fall between those for the methane- and
the kerosene flames. Additionally, for the two kerosene flames, it was observed that the one















Fig. 4.1 Plots showing the LBO Limits (φbo) as a function of LBO velocity (Ubo). The each
point on LBO curve represents the average of 20 measurements. The error bars (cross-marks)
represents the uncertainty in experiments in velocity and equivalence ratio.
4.2 Lean blow-off scaling
For each of the LBO points, the corresponding laminar flame speed was estimated, and the
LBO limits were evaluated with the correlation of Radhakrishnan et al. [61] derived in the
context of turbulent premixed flames given in Eq. 2.1. Also, the correlation is applied to
the methane flame LBO data measured by Kariuki et al. [29, 28]. Figure 4.2a shows these
results. The slope of the curve in Fig. 4.2a is represented by Da−2bo (see Eq. 2.1) .
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Fig. 4.2 Plots showing the Da−2bo and K×Le as a function of blow-off velocity (Ubo) for
single-component and multi-component fuels.
The intercepts in Fig. 4.2a point out that they are non-physical merely because of the
correlation in Eq. 2.1 does not apply to flames in laminar limits. The value of 1/Da varies
between 0.82 and 0.88 for methane flames at the blow-off velocities considered here. In the
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case of vaporised liquid fuels, this variation is from 0.38 to 0.52. The variation in the 1/Da
values is not significant. Shanbhogue et al. [23] and Kariuki [28] reported a similar variation
of 1/Da, where this scaling was found to hold for methane flames. The solid black lines in
Fig. 4.2a represent these Da values. It was observed that Da−2bo values collapse reasonably
well for the separate liquid fuels and is ≈ 0.48 over the range of bulk velocities considered
here. In contrast, the methane flames are found to have Da−2bo values of ≈ 0.97, which is
consistent with the results of Kariuki et al. [28].
Since the vapourised liquid hydrocarbon fueled flames were operated at an elevated
temperature (to ensure complete vaporisation), a series of stability tests were performed with
methane at both ambient and elevated temperatures (298 K and 393 K, respectively), and the
SL was computed at the respective temperature. These results are also presented in Fig. 4.2a,
which shows that an increased reactant temperature has little to no effect on the stability of
the methane flames. Thus, the difference in stability between methane and the other fuels is
not a consequence of the latter being preheated before combustion.
Shanbhogue et al. [23] and Radhakrishnan et al. [61] showed that for a particular bluff-
body type (2-D vs axisymmetric), the LBO limits collapse around a single value of Da
regardless of the gaseous fuel used. Since the methane and liquid fuel flames considered here
do not collapse to a single value of Da, this correlation is not sufficient for predicting the
LBO limit of heavier hydrocarbon fuels. Within this Da-based scaling correlation, aspects
of the combustion chemistry are subsumed into one parameter: SL. Yet, this correlation’s
inability to yield a proper collapse of the data suggests that SL does not adequately capture the
relevant combustion phenomena when complex hydrocarbon fuels are considered. Notably,
this is supported by the fact that A2 and methane flames tend to have similar values of SL (see
Table 2.2), yet such flames possess drastically different LBO limits. Furthermore, the failure
of simple SL-based scaling laws to track observed results for complex hydrocarbon fueled
flames was also reported in Ref. [38]. Hence, parameters beyond SL are likely necessary to
encapsulate the combustion chemistry associated with complex hydrocarbon-fueled flames
fully.
Previous studies emphasized the role of extinction and Le in governing LBO [40, 38, 31].
Abdel-Gayed and Bradley [136] proposed a correlation based on the turbulent Karlovitz
stretch factor (K) and Le. They reported that the flame quenches if K×Le > 1.5. Here, K
was estimated at LBO based on the assumptions used in Ref. [32]. They assumed that the
average turbulent intensity is u′/Ubo = 0.2 (u′ is the RMS of the velocity fluctuations), and
that turbulent length scale (L) can be approximated by d/5. With this crude analysis, K is
defined as K = δu′(SLλT )−1 and can be rewritten as 0.125(u′/SL)2(Ret)−1/2 [137], where
Ret is the turbulent Reynolds number and δl is the laminar flame thickness. The variation
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in Ret is from 430 to 1450 for different velocity conditions. Based on these assumptions, K
lies in the range of 1.08 - 2.30 for the different flames studied here, while their Le span from
0.98 to 5.0 (see Table 2.2). Figure 4.2b shows the value of K×Le at the LBO velocity for all
five fuels. The estimated K numbers in the current study are higher than those ascribed to
the limit above, which spherically expanding turbulent premixed flames cannot be sustained
[136, 137]. Thus, based on Abdel-Gayed and Bradley’s correlation, the extinction K for
methane is ≈ 1.5 while that for A2 is ≈ 0.32. This implies that heavier hydrocarbon-fueled
flames are more susceptible to extinction than methane, which may explain why kerosene
flames blow-off at higher equivalence ratios than those produced with methane. Namely, the
above analysis based on Abdel-Gayed and Bradley’s results suggests that the Le of the fuel
influences its propensity for extinction. In past studies, which primarily considered simple
gaseous fuels, Le effects were negligible because the fuels had Le≈ 1. Moreover, Law [138]
showed that flames with Le > 1 (e.g., heptane, A2, and C1) could experience extinction solely
because of sufficient straining; however, flames with Le≤ 1 require incomplete combustion,
heat loss, or high rates of curvature for extinction to occur. It is apparent from Fig. 4.1 and
Table 2.2 that the LBO equivalence ratio increases with Le. Therefore, it can be assumed that
vaporized liquid fuels with Le > 1 experience a higher degree of localized extinction, which
causes these flames to blow-off at higher equivalence ratios than methane flames.
Twin counterflow strained laminar premixed flame simulations were performed to obtain
the laminar extinction strain rates, Slam, at the blow-off equivalence ratio for all five fuels.
Shanbhogue et al. [23] suggested that the chemical time scale based on extinction strain rate
may provide a better grouping of the data. Thus, the extinction strain rate was estimated at
the blow-off equivalence ratio at each velocity condition for all fuels considered in the current
study. Figure 4.3 shows the laminar extinction strain rate from the simulation as a function of
the bulk velocity. Methane exhibits the highest value of extinction strain rate. Heptane and
the two kerosenes (A2 and C1) possess nearly the same extinction strain rate, and ethanol
has an extinction strain rate between those of methane and heptane and the kerosenes. The
data in Fig. 4.3 demonstrate that the separate fuels considered here result in different values
of (d/Ubo)/Slam, and hence the laminar flame extinction strain rate does not collapse well
the blow-off condition of different fuels.






























Fig. 4.3 Variation of simulated extinction strain rate from the twin flame simulation as the
function of equivalence ratio with Ubo.
The analysis above attempts to correlate the onset of blow-off with terms like SL, K×Le,
or Slam; however, such efforts have failed to fully collapse the LBO data across the range of
fuels studied here. This implies that the extrapolation of knowledge from flames of small
hydrocarbons (e.g., methane, ethylene) to higher hydrocarbons (e.g., heptane, kerosenes)
cannot simply be based on concepts where all the combustion chemistry is expressed through
SL, even after considering Le or strain effects.
4.3 Summary
The effect of fuel properties on the blow-off limits and flame shape were investigated for
vapourised ethanol, heptane, and two separate kerosene fuels (A2 and C1) in a bluff-body
burner. It was observed that the methane, ethanol, and heptane flames are more resilient to
blow-off than the kerosene flames (i.e., A2 and C1). Also, the stability limits were evaluated
using a correlation based on a characteristic Damköhler number (Da). The correlation
was not successful in collapsing the liquid-fueled flames to the line derived from methane
flames. This suggests that correlations wherein the combustion chemistry is solely subsumed
within the laminar flame speed (i.e. that based on a characteristic Da) are not likely to be
universally applicable. Ultimately, the results of this effort highlight the influence fuel-type
has on the LBO of bluff-body stabilized flames. Moreover, this work indicates the LBO
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behavior of flames produced with complex hydrocarbon fuels can not be fully understood by
high-temperature chemistry concepts such as laminar flame speed.

Chapter 5
Blow-off duration and mechanism
Previously, we discussed the blow-off limits of different fuels, and found that kerosene is
less resistant to blow-off than methane. Yet the blow-off mechanism was not explained
in detail in that chapter. In this chapter, the blow-off mechanism, and blow-off duration1
is discussed. Firstly, the flame structure is visualized with OH* imaging during blow-off.
Those OH*-images are then used to calculate the blow-off duration. Different diagnostic
techniques are used in the rest of the chapter to show species distribution inside the RZ
during blow-off. In this study, only the A2 flame was studied because the A2 is the most
complex fuel. OH-PLIF, CH2O-PLIF, and Fuel-PLIF were used during blow-off. For the
conclusions presented in this chapter, 10 blow-off events were recorded with each diagnostic
technique. Lastly, imaging results are contrasted against those obtained from methane and
ethylene flames in previous works [32, 29, 36, 17], highlighting differences in the structure
of flames near LBO.
1Results of this Chapter have been published in: Rohit S. Pathania, Aaron W. Skiba, Roberto Ciardiello,
Epaminondas Mastorakos, Blow-off mechanisms of turbulent premixed bluff-body stabilized flames operated
with vapourised kerosene fuels. Proceedings of the Combustion Institute, 2020.
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5.1 Blow-off duration
Figure 5.1a shows a temporal sequence of OH* chemiluminescence images with the A2-
fuelled flame during a LBO event. During its approach to LBO, the flame became progres-
sively shorter and survived for tens of milliseconds within the RZ. Additionally, the OH*
chemiluminescence signal was confined to the RZ during the LBO event. Such images were
used to evaluate the duration of the LBO event for all fuels. Namely, the OH* signal was
integrated over the imaged area and plotted vs. time. The onset of the blow-off event was
associated with a decrease in the OH* signal, which appears to be linked to flame shortening
and fragmentation, as shown in Fig. 5.1a. The same procedure was followed by Dawson et
al. [32] with methane flames, where the blow-off duration was found to be on the order of
15d/UBO, where UBO was the bulk velocity at blow-off.
Figure 5.1b shows the average of five spatially integrated OH* signals during blow-off.
The extinction duration, τext , was quantified as the time it took the OH* signal to decay from
50 % to 5 % of the time-averaged level before LBO (the OH* signal never grows back if the
signal drops lower than 50%). The results are presented in Table 5.1. Since the blow-off
event was not directly controlled, the original OH* time series were shifted to coincide with
the disappearance of OH* signal. The value of τext depends on the threshold value used.
However, choosing different thresholds did not affect the trends between τext and fuel type.
In the current study, τext was ≈ 22 and 24 for methane and ethanol, respectively. Whereas,
for heptane, A2, and C1 it was 64.60 ms, 63.20 ms, and 54.60 ms, respectively (around
60d/UBO).
This suggests that blow-off is more sudden in the methane and ethanol flames as compared
to those operated with heavier hydrocarbons. It may be possible that during the LBO transient,
the RZ contains fluid (discussed later through the PLIF images) spanning the whole range of
possible values of the progress variable (i.e., fresh reactants, partially-burnt reactants, and
fully-burnt products). Thus, some low-temperature chemistry that would be more pronounced
in the large hydrocarbons compared to CH4 and C2H5OH, may be present, which leads to a
continuous re-ignition of flame fragments in the RZ hence prolonging the complete LBO
event [63].
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(a) OH* chemiluminescence images during LBO for A2. The time on each image (30 ms, 20 ms, and






























(b) Area-integrated OH* vs. time for all fuels.
Fig. 5.1 (a) OH* chemiluminescence Images of the LBO transient with A2 and (b) integrated
OH* for methane, ethanol, heptane, A2 and C1. In (b), the data presented is the average of
five LBO events.
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Table 5.1 Values of τext evaluated for different fuels for Ub = 23.5±1.5 m/s.
Fuel UBO(m/s) φ Le τext (ms) τext /(d/Ubo)
Methane 24.8 0.615 0.98 22.70 23.50
Ethanol 24.5 0.63 1.68 24.40 26.00
Heptane 22.8 0.635 2.8 64.60 64.03
A2 23.8 0.68 4.6 63.20 65.40
C1 23.8 0.71 5.0 54.60 56.50
5.2 Species distributions during LBO
In this Section, the qualitative distributions of OH, Fuel, and CH2O at various instants during
LBO are described. Only images from A2 flames are considered as such flames permit
fuel-PLIF imaging, and prior studies of methane flames have presented PLIF images of OH,
and CH2O [36] in this burner. Also, A2 is interesting as it is the most chemically complex
fuel considered here. In interpreting the results, it might be convenient to consider that
Fuel-PLIF represents low values of the progress variable; CH2O comes from intermediate
values, and OH comes from fluid particles with high progress variable values [97].
Figure 5.2 presents instantaneous OH-PLIF images before the blow-off event of an A2
flame, and the corresponding video can be accessed through the link provided in Appendix
A. A substantial change in the flame structure was observed as LBO was approached with an
overall OH signal decrease. The OH regions become distorted inside the RZ, and pockets
filled with and void of OH were observed simultaneously. The flame becomes shorter with
the peak OH-PLIF signal lying within the RZ above the bluff-body.
















































130 ms140 ms150 ms160 ms
Fig. 5.2 OH-PLIF sequence during a blow-off event for A2-fuelled flame at Ub = 23±1.5
m/s.
Specifically, as LBO was approached, four dominant events were observed: (i) appearance
of finger-like structures (marked with rectangles); (ii) formation of regions void of OH
(marked with circles); (iii) breaks along the flame-front near the shear layer (marked with
a white ellipse); and (iv) formation of pockets of OH-PLIF signal in the RZ (marked with
triangles). The finger-like structures were noticed to enter into the RZ from its downstream
end. Similar findings on the formation of finger-like structures (long ligaments void of OH)
were reported in experimental studies with propane, ethylene, and methane [29, 17]. In
our experiments, these structures were observed to enter from downstream and penetrate
deep into the RZ and reach close to the bluff-body, as shown in the OH-PLIF video that
can be accessed through the link provided in Appendix A. These voids burned out as they
moved towards the bluff-body. In addition, it was found that sometimes the regions void of
OH-PLIF travel towards the flame-front at the shear layer, causing what appears to be local
extinction, which leads to further regions void of OH that are eventually convected into the
RZ. The absence of OH in a specific region (e.g. lowest and left-most panel of Fig. 5.2) can
only correspond to either extinction or the presence of reactants (fresh or with intermediate
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species like CH2O). The inclusion of CH2O- and Fuel-PLIF imaging facilitates to distinguish
between these two options.
Figure 5.3 shows sequences of CH2O-PLIF images from methane and A2 flames during
a blow-off event. Since the CH2O-PLIF images were taken at 10 Hz, the error in determining
the blow-off instant is ∼100 ms. However, comparison between the fuels is still instructive.
It can be seen that CH2O enters the RZ from the downstream region. Both fuels exhibit thin
layer-like preheat zones in the anchoring region and in the shear layer up to a distance of
∼1 d from the bluff body. Further downstream, the CH2O layers begin to broaden. Such
broadening is limited to 2-3 mm in the methane flames, and the CH2O occupies layer-like
regions. In contrast, CH2O layers in the A2 flame become so broad (i.e., ∼1 d thick) in the
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(b) A2
Fig. 5.3 CH2O-PLIF sequences during a blow-off event for methane and A2-fuelled flames
at Ub = 23±1.5 m/s. The images were taken at an frequency of 10 Hz.
The individual pockets of CH2O-LIF signal inside the RZ confirm that the voids present
in the OH-PLIF images (marked with circles on the OH-PLIF images, Fig. 5.2) likely consist
of CH2O. Furthermore, it can be seen from Fig. 5.3 that the CH2O encapsulates the RZ
through the merging of layers from opposite sides of the burner in the downstream region
(size of the RZ can be around 1.5 to 2 the bluff-body diameter [29]), confirming that blow-off
is associated with the merging of the flame branches from either side of the bluff body
in this burner. Moreover, oxidation of heavy hydrocarbon fuels starts at low/intermediate
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temperature (600 - 900 K) [139]. Thus, the presence of broad regions of CH2O inside the RZ
in A2 flame implies the dominance of low-temperature oxidation reactions.
Figure 5.4 shows Fuel-PLIF images from an A2 flame (a video of blow-off event with
Fuel-PLIF can be accessed through the link provided in Appendix A). Prior to LBO, the
fuel is confined to the annular jet, which appears continuous and uniform. The absence of
breaking and reduction in intensity in the Fuel-PLIF signal suggests there is little entrainment
of ambient air. Approximately 50 ms before LBO, pockets of Fuel-LIF signal were observed
in the RZ and even near the bluff-body (see Fig. 5.4). The entry of fuel into the RZ can be
correlated to the breaking in the flame-front, as shown in the OH-PLIF image at 50 ms (Fig.

































190 ms 80 ms 70 ms
60 ms 50 ms 40 ms
30 ms 20 ms 10 ms
Fig. 5.4 Sequence of Fuel-PLIF images during a blow-off event for the A2-fuelled flame, at
Ub = 23±1.5 m/s.
The OH-PLIF images were further analysed to estimate the number of OH-pockets that
form during LBO. Figure 5.2 shows the RZ filled with OH, but as the flame approaches
blow-off, the initially continuous OH region in the RZ shreds into many small pockets. Figure
5.5a shows the average (based on 10 blow-off events) number of OH-LIF pockets from the
A2 and methane flames as they approached blow-off. To identify individual pockets, the
OH-PLIF images were binarized based on their 10 % contour. Then the total number of
individual islands of OH were counted in each instantaneous image. It can be observed that
in both flames, there was a sudden rise in the number of OH pockets roughly 20 ms before
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complete extinction, consistent with the insights obtained from the time sequence in Fig. 5.2
that the OH-containing region disintegrates before LBO.



















































(a) Average number of pockets of OH-LIF signal.



















































(b) Average OH- and Fuel-PLIF signal.
Fig. 5.5 Plot showing the time average of 10 blow-off events. (a) Variation of number of
OH-LIF signal pockets as the blow-off was approached for methane and A2. (b) Variation of
OH- and Fuel-PLIF signal with A2 as the blow-off was approached.
Figure 5.5b shows the area-integrated OH-PLIF and Fuel-PLIF (averaged over 10 LBO
movies) from the A2 flame. The juxtaposition of these two-time series shows, on average,
the relative instant at which fuel enters the RZ compared to the time the OH disappears.
After a short transient, the Fuel-PLIF signal started increasing as the OH-PLIF signal kept
decreasing. Based on these averages, the critical time at which the fuel begins entering the
RZ was ∼45 ms before complete extinction.
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Fig. 5.6 Number of OH pockets vs. their equivalent diameter averaged over 10 blow-off
events. The degree of fragmentation (Fc) is represented by the slope of the curves. Two set
of images were analysed, 50 - 25 ms before LBO and 25 ms to LBO.
A further analysis was performed on the OH-PLIF images to quantify the fragmentation
of the flames (Fc). The data was separately analysed for the period 25 ms before LBO to
the moment of LBO and for the period 25 - 50 ms before LBO. The OH-PLIF images were
converted into black-white images using 20 % contours to perform the fractal analysis. From
the binarized instantaneous images, the area of individual pockets was calculated. Then
the equivalent diameter of each area was evaluated. Each diameter’s pockets were binned
together from separate images and plotted on a log plot with the x-axis as the diameter
of the pockets, and the y-axis corresponds to the number of pockets. A linear regression
fitting was performed on the data, and the slope of the curve gives the Fc as shown in Fig.
5.6. It was observed that the methane flame experienced higher Fc than A2. These findings
are consistent with the results presented in Fig. 5.5a. Moreover, Fc increases as LBO is
approached, which may be due to the extinction of the small pockets of OH-PLIF as the
flame approaches complete LBO (see Fig. 5.2).
5.3 Summary
The lean blow-off (LBO) behavior of unconfined lean premixed bluff-body stabilized flames
with various fuels was investigated. Methane and vapourised ethanol, heptane, Jet-A1, and
alternative alcohol-derived kerosene (Gevo) were used. OH* chemiluminescence (5 kHz),
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OH- and Fuel-PLIF (5 kHz), and CH2O-PLIF (10 Hz) were deployed. For all fuels, as the
flame approached, LBO fragmentation was observed downstream. The two sides of the flame
merged at the axis, pockets of OH and CH2O were found in the recirculation zone (RZ),
and eventually, the individual fragments were extinguished. The CH2O seemed to enter
into the RZ from downstream early in the LBO process, with reactants the following suit
at times closer to LBO. During LBO, the integrated OH* signal decreased slowly to zero.
The duration of this transition was ∼25 (d/UBO) in the methane and ethanol flames and ∼60
(d/UBO) in flames operated with heptane and the two kerosenes (where d is the bluff-body
diameter and UBO the LBO velocity). This large difference could be due to the re-ignitions of
partially-quenched fluid inside the RZ during the LBO event. Additionally, for the same bulk
velocity, the kerosene flames blow-off at higher equivalence ratios than the single-component
fuelled flames, possibly due to the higher Lewis number and lower extinction strain rates of
these fuels. The results suggest that the blow-off mechanism is qualitatively similar for each
of the fuels; however, the complex chemistry associated with heavy hydrocarbons appears to
result in a prolonged LBO event.
Chapter 6
Spatial flame structure
The LBO mechanism previously described showed that the blow-off duration of kerosene
flames is longer than that of methane and ethanol. During blow-off in a kerosene flame, we
observed broad regions of CH2O within the RZ. As blow-off is an uncontrolled event, it is
difficult to obtain statically quantities such as FSD and the thickness of CH2O layers. For
this reason, this chapter presents the flame structure at two conditions: far from blow-off
(φ/φBO = 1.20)) and close to blow-off (φ/φBO = 1.01). The detailed flame structure was
investigated with 5 kHz OH* chemiluminescence, OH-PLIF imaging, and 10 Hz CH2O-PLIF
imaging1. The details of optical setups are provided in Chapter 2. Four different fuels were
considered, two of which comprised of a single component (ethanol and heptane), while the
other two were multi-component kerosene blends (A2 and C1). The Chapter is organized
as follows: i) Instantaneous and averaged OH*chemiluminescence images are presented
with all four fuels. The results are compared with previous studies, then Abel transformed
images are presented. ii) OH-PLIF flames are reported, and the effect of turbulent intensity
on the flame structure is discussed. From the OH-PLIF images, average reaction progress,
variable images were calculated and discussed. These images were used to evaluate the
flame surface density (FSD) at far from and close to blow-off conditions. Additionally, they
were used to compute the 2-D curvature of the flame. The local estimate of the average
consumption speed was also reported in this Chapter. iii) The effect of turbulent intensity on
the CH2O-layer thickness. The CH2O-thickness is calculated from CH2O images, and the
results are complied into PDF.
Lastly, the non-reacting and reacting flow velocity data is presented in non-reacting and
vapourised heptane flames under stable and near blow-off conditions. Additionally, turbulent
1Some of the results of this Chapter have been published in: Rohit S. Pathania, Aaron W. Skiba, Epaminondas
Mastorakos, Experimental investigation of unconfined turbulent premixed bluff-body stabilized flames operated
with vapourised liquid fuels. Combustion and Flame, 2021.
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intensity and turbulent length scale LT are evaluated at different locations from the burner
exit. The local Ka and Da are calculated. The details of the procedures used to compute LT
and Ka are provided in Sec. 6.10.
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6.1 Flame shape
High-speed OH* chemiluminescence was used to characterize the flame shape. OH* can
be used to roughly indicate the location of key chemical reactions within premixed flames
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Fig. 6.1 OH* chemiluminescence images at far from blow-off. First, second and third column
represents the statistically independent instantaneous images. Fourth column represents the
average images obtained by averaging 5400 instantaneous images. The centre line of the
bluff body is represented by the ‘0’ in radial axis.
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Figures 6.1 and 6.2 show the instantaneous and average images with ethanol, heptane, A2,
and C1 from conditions far from and close to blow-off, respectively. The instantaneous images
from conditions far from blow-off exhibit high intensity OH* chemiluminescence signal
along the shear layer. The high-intensity island of OH* were observed in the instantaneous
images with all four flames. These localized high-intensity islands of OH* were more
pronounced in the kerosene and heptane flames. Such localized increase in OH* signal may
be associated with the continuous re-ignition of the flame in RZ as observed by Ref. [63].
The average images are shown in the rightmost column of Fig. 6.1 highlight the features of
the instantaneous images. Overall, when far from blow-off, all four flames display similar
structure with low intensity OH* signal close to the bluff body and high intensities in the
downstream regions.
Figure 6.2 shows similar information as Fig. 6.1, but from conditions close to LBO. It
is evident from Fig. 6.2 that all four flames become shorter as φ was reduced. The highest
intensity of the OH* signal was observed to exist in regions 30-40 mm downstream of the
bluff body in the RZ. During blow-off, the methane flames exhibited a similar shortening and
confinement within the RZ as in Ref. [29]. From the velocity field measurements presented
in Ref. [29], the height of the RZ was determined to be 1.5 - 2 times the bluff-body diameter.
Since the burner employed here is similar to that in Refs. [29], the RZ is estimated to
extend 46 mm downstream of the bluff body. Thus, similar to the methane flames [29],
vapourised liquid fuels close to blow-off (Fig. 6.2) exhibit a large amount of reaction within
the RZ. These flames become narrow at their tip, implying that flame fronts from the opposite
sides of the burner merge, leading to the closing of the RZ in the downstream region (see
average images in Fig. 6.2). Similar behaviour was observed with methane-, propane-, and
ethylene-fueled flames in Refs. [32, 29, 17, 31].
The average OH* images presented indicate that the flames are symmetric; thus, these
images were Abel transformed to provide a projection of the mean reaction rate within
a 2-D plane [32]. Figure 6.3a and b displays the Abel transformation of averaged OH*
chemiluminescence images for all flames at conditions far from and close to blow-off. When
far from blow-off, the Abel transformed images appear similar for all four flames. The
primary reactions are concentrated along the annular jet of the reactants. Low signal intensity
inside the RZ can be related to the burnt gases. At conditions close to blow-off, reaction
zones are observed inside the RZ. Additionally, in the downstream part of the flames, the
two flame brushes from both sides of the burner are observed to merge together. Moreover,
flames operated with heptane and kerosene (A2 and C1) display average reaction regions
closer to the bluff body than those fueled with ethanol. These findings are consistent with
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those presented in Ref. [32, 29], where average reaction regions were observed within the
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Fig. 6.2 OH* chemiluminescence images at close to blow-off. First, second and third column
represents the statistically independent instantaneous images. Fourth column represents the
average images obtained by averaging 5400 instantaneous images. The centre line of the
bluff body is represented by the ‘0’ in radial axis.
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Fig. 6.3 Abel transformed images with ethanol, heptane, A2 and C1.
6.2 OH-PLIF structure
Figure 6.4 presents instantaneous and average OH-PLIF images at conditions far from blow-
off (φ/φbo = 1.20). Higher intensity patches of OH-LIF signal are concentrated along the
shear layer, while lower levels of signal fill the RZ region above the bluff body. At these
stable burning conditions, the flame fronts near the bluff body showed the Kelvin-Helmholtz
instability that is common to bluff body flames (see Refs. [31, 29, 17, 30]). These instabilities
were observed to manifest in the form of roll-ups in the downstream region (22-32 mm)
of the flame. This behaviour of the flame was observed with all fuels at stable conditions.
Similar distributions of OH-LIF signal were observed in stable methane flames studied by
Kariuki et al. [29].
Averaged images shown in the rightmost column of Fig. 6.4 exemplify the features
displayed in the instantaneous images. The heptane-, A2-, and C1-flames exhibit large
OH-LIF signal within the RZ. In contrast, the OH-LIF signals are concentrated along the
annular jet of the ethanol flames, which is likely due to ethanol’s chemical composition.
Namely, each ethanol molecule contains OH through a single bond that likely breaks away
from the rest of the molecule as the fuel cracks, resulting in a locally higher OH concentration
near the flame front.
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Fig. 6.4 Instantaneous and average OH-PLIF images at φ/φBO = 1.20 at Ub = 23±1.5 m/s
with ethanol, heptane, A2 and C1. First, second and third column represents the statistically
independent instantaneous OH-PLIF images. Fourth column represents the average images
obtained by averaging 5000 instantaneous images.






































Fig. 6.5 Instantaneous and average OH-PLIF images with A2 and C1 at φ = 0.75, corre-
sponding to a φ/φbo of 1.09 and 1.05, respectively. First, second and third column represents
the statistically independent instantaneous OH-PLIF images. Fourth column represents the
average images obtained by averaging 5000 instantaneous images.
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Figure 6.5 displays instantaneous images from A2- and C1-flames with φ = 0.75, corre-
sponding to a φ/φbo of 1.09 and 1.05, respectively. In comparison to the more robust flames
in Fig. 6.4, in Fig. 6.5 the OH-LIF signal is observed to decrease along the flame front yet
increase within the RZ. Also, the OH-LIF signal is fragmented in the downstream regions
(20-32 mm) of the flame (see Fig. 6.5). Pockets void of OH-LIF signal are seen to enter
from the downstream region of the RZ. The formation of these pockets may result from the
entrainment of partially reacted or cold reactants into the RZ from the downstream regions
of the flame. The average images presented in the rightmost column of Fig. 6.5 indicate that
the peak OH-LIF signals are primarily concentrated within the RZ along the centerline of the
bluff body.
Figure 6.6 presents instantaneous images obtained near the blow-off limit of the present
flames. A substantial change in the flame structure was observed with all four fuels. The
instantaneous images highlight an increase in OH-LIF signal intensity in the RZ. The OH-LIF
signal becomes distorted (i.e. small pockets OH-LIF signal are observed in the region from
20−32 mm), and the height of the OH-filled region decreases. The results are consistent with
the time-averaged OH* chemiluminescence images reported in previous studies Refs. [29],
which show the presence of reaction zones in the RZ above the bluff body and a shortening
of the flame as it approaches blow-off. Pockets void of OH-LIF signal were observed in
the downstream region (22-32 mm) of the flames considered. The regions void of OH-LIF
signal may consist of preheated reactants that enter the RZ from the downstream region. As
shown in Section 6.7, small patches of CH2O signal are visible in the RZ at conditions close
to blow-off. Thus, it is likely that the pockets void of OH in Fig. 6.6 are filled with CH2O,
which was the case for the methane flames studied in Ref. [36].
For all four flames in Fig. 6.6, three dominant events were observed. Such events are
1) the formation of pockets void of OH (marked by blue triangles), 2) the development of
OH-filled pockets (marked by white circles), and 3) the production of finger-like structures
(marked by magenta rectangles). For the ethanol flames, pockets void of OH are primarily
confined to the region roughly 22−32 mm downstream of the bluff body. However, such
pockets are found closer to the bluff body (12-22 mm) for flames produced with the other
three fuels (see Figs. 6.6b - 6.6d). Also, the heptane and two kerosene flames exhibited a
higher tendency of forming pockets both filled with and void of OH-LIF signal. Notably,
it was found that the A2 flames have almost three-times more OH-LIF pockets during a
blow-off event than methane flames.
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Fig. 6.6 Instantaneous and average OH-PLIF images at φ/φBO = 1.01 at Ub = 23±1.5 m/s
with ethanol, heptane, A2 and C1. First, second and third column represents the statistically
independent instantaneous OH-PLIF images. Fourth column represents the average images
obtained by averaging 5000 instantaneous images.
The finger-like structures, separated by regions lacking OH signal, were also observed in
Refs. [29, 17, 30]. These finger-like structures were observed to enter from the downstream
region and penetrate the RZ to a point just above the bluff body. Kerosene (A2 and C1)
flames have a higher propensity to form these fingers-like features. A similar observation
of entrainment of partially burnt or unburnt reactants into the RZ and flame recession into
the RZ was also observed in Refs. [29, 31]. Average OH-PLIF images presented in the
right-most column of Fig. 6.6 are consistent with the instantaneous results, indicating that
the highest intensity of OH-LIF signal is concentrated along the centerline of the bluff body
in all four flames.
The OH-PLIF images presented here suggest that all flames exhibit similar flame struc-
tures under stable conditions. As indicated by Fig. 6.6, a change in flame shape is observed
as blow-off is approached. The flame becomes shorter with the peak OH-LIF signal lying
within the RZ above the bluff body. However, close to blow-off, kerosene flames (A2 and
C1) appear shorter with more fragmented pockets of OH-LIF signal than the other flames.
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Since the kerosene flames are the least stable, this observation suggests a link between an
increase in the level of fragmentation due to local extinction and reduced stability limits.
6.3 Average reaction progress variable
As discussed in section 2.3.2, the mean progress variable (c̄) was determined by averaging the
complete data set of binarized OH-PLIF images. Figures 6.7a and 6.7b display c̄-maps with
contours of 0.2, 0.4, 0.6 and 0.8 (with 0.2 contour as the outermost line and 0.8 contour as the
innermost line) superimposed for all four fuels at conditions far from and close to blow-off,
respectively. The spacing in the c̄ contours increases from the anchoring to the downstream
region. However, regardless of fuel type, there is no significant difference between the
c̄-fields under stable burning conditions (top row). A similar trend in the c̄ contours were
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(b) Close to blow-off (φ/φbo = 1.01)
Fig. 6.7 Maps of average progress variable c̄ with the c̄ = 0.2 , 0.4, 0.6 and 0.8 isoline
superimposed for ethanol, heptane A2 and C1 flames.
As shown in Fig. 6.7b, the mean flame surface changes as blow-off is approached. It was
found that the c̄ = 0.8 contour recedes to the RZ and is even observed in the downstream
region. The spacing between the c̄ contours increases significantly in the downstream part of
the heptane- and kerosene-flames. The ethanol flame also exhibits an increased separation
between the c̄ contours in its downstream region, but the effect was not as significant as in
the other three flames. Kariuki et al. [29] observed a similar recession into the RZ of the c̄
contours in the downstream regions of methane flames close to blow-off.
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6.4 Flame surface density
Figure 6.8 presents FSD as a function of c̄ for all four flames in the anchoring and downstream
regions. It is observed that the FSD peaks at c̄ = 0.5 for all four flames. As shown in
Fig. 2.1b, the flames are divided into two regions. Figures 6.8a and 6.8b present the FSD
in the anchoring and downstream region for stable flames, respectively. The peak FSD was
reduced by ∼50% between the flame’s anchoring and downstream regions. This trend of
decreasing peak FSD with increased distance from the burner is also true for flames close to
blow-off. Namely, the peak FSD values reduced by ∼33% when going from the anchoring to
the downstream region of near-limit flames (see Figs. 6.8c and 6.8d). Additionally, within
the anchoring region (Fig. 6.8a and c), the peak FSD values are found to decrease as blow-off
is approached. A similar decrease in the peak FSD within the anchoring regions of methane
flames approaching blow-off was reported in Refs. [29, 80, 37]. Yet, the peak FSD values
within the downstream region are approximately the same regardless of the flames proximity
to their lean blow-off limits.
In the downstream region of the heptane, A2, and C1 flames close to blow-off (see Fig.
6.8d), a decrease in the FSD value is observed at c̄≥ 0.7. This decrease of FSD at c̄ = 0.7
may be due to the recession of the flame into the RZ or a higher degree of localized extinction
events occurring in heptane and two kerosene flames than in the ethanol flame. Overall, it
was observed that the FSD decreases as the flames approached blow-off, and this decrease
can be as high as ∼50% in the anchoring region. A reduction in FSD with increasing u′/S0L
(see Table 2.2) as the flame approaches blow-off was observed by Kariuki et al. [29]. This
reduction in FSD is may be due to the reduced burning rate. As indicated by Figs. 6.8, the
FSD exhibit little to no dependence on fuel type. This is true regardless of measurement
location and proximity of the flames to their LBO limits (See Fig. 4.1). Hence, this suggests
that FSD is not a sufficient metric for indicating the onset of blow-off. However, it should be
pointed out that this conclusion may be an artifact of the present OH-based definition of Σ,
which is based on OH-PLIF that after binarization neglects regions of intermediate progress
variable.
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Fig. 6.8 FSD evaluated at 20 % contour (c=0.2) with ethanol, heptane, A2 and C1 in the
anchoring region (2−15 mm) and downstream region (15−32 mm) of the flame.
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(c) Curvature PDF width
Full width at 10% maximum
Fig. 6.9 Probability density functions of normalised curvature (κδl) for ethanol, heptane, A2
and C1.
To further assess this observation, the 2-D flame-front curvature (κ) at 20 % contour
(c=0.2) was measured. Figure 6.9 presents PDFs of the normalized curvature (κδL). The
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PDFs of κδL are symmetric about κδL ≈ 0, and the distribution appears Gaussian. Figure 6.9
indicates that, regardless of fuel type, the curvature distribution broadened as blow-off was
approached.
To facilitate a more quantitative assessment of the PDFs in Fig. 6.9, their widths at 10%
of maximum were extracted. Figure 6.9c displays the widths of the curvature PDFs for
each fuel considered under conditions far from and close to blow-off. Under stable burning
conditions, the widths are similar, yet they clearly increase as LBO is approached. Close to
blow-off, A2 showed the maximum width of κδL ∼ 0.90 and C1 exhibits a minimum width
of κδL ∼ 0.75, whereas, ethanol and heptane possessed κδL of ∼0.80. The smaller width of
the κδ -pdf associated with the C1-fueled flames implies they are less wrinkled than ethanol,
heptane, and A2.
6.6 Local turbulent consumption speed
The OH-PLIF images were further analysed to obtain local turbulent consumption speed
(ST,LC). ST,LC represents a local estimate of a turbulent premixed flames average consumption
speed. Damkhöler proposed that ST,LC increases with u′, because higher turbulence results
in larger flame surface generation [84]. Here, ST,LC was determined as in Refs. [37, 141],
namely, it was evaluated by integrating 2-D FSD presented in section 6.4, and then accounting
for angle between horizontal and average flame front (c̄ = 0.5; see Eq. A2 in Ref. [37]).
Figure 6.10 shows plots ST,LC/SL vs. y (axial distance along the flame) from conditions
far from and close to blow-off with all four fuels. At a condition far from blow-off, ST,LC/SL
was observed to increase with axial distance modestly and reaches a maximum value of
≈5.5 in the downstream regions. Likewise, ST,LC/SL also increased with axial distance under
conditions near blow-off. The increase in ST,LC/SL with axial distance can be related to an
increase in u′/Ub, which increased flame wrinkling (see Fig. 6.4 and 6.6). A similar increase
in ST,LC/SL with increasing u′/Ub was observed in Refs. [142, 30, 37, 141, 8]. Additionally,
close to blow-off, ST,LC/SL was increased by a factor of three. This increase in ST,LC/SL can
be related to a drop in SL as blow-off was approached, as the variation of u′/Ub is similar for
all flames since they had the same Ub (see Fig. 6.19a).
In the near field region (up to 20 mm), no significant difference in ST,LC/SL was observed
between all four fuels at both conditions. Trabold et al. [39] observed a similar value
of integrated FSD in the near field for alcohol and methane flames. They hypothesized
that in near field regions, the fame surface is mostly influenced by turbulent shear flow.
The flames studied here are dominated by shear as well, and the shear rate is high close
to the bluff body. Therefore, in these regions, the fuel type has little or no effect on
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ST,LC/SL. In the downstream regions (beyond 20 mm), where the influence of shear starts
to decrease, ST,LC/SL start deviating amongst the different fuel types, with the effect being
more pronounced at conditions close to blow-off. Note that close to blow-off, C1 exhibits
a lower value of ST,LC/SL in the downstream region as compared to the other flames. The
drop-in ST,LC/SL can be related to more local extinction in the downstream region of C1.
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Fig. 6.10 Turbulent local consumption speed at condition far from and close to blow-off.
6.7 CH2O-PLIF structure
Figure 6.11 shows instantaneous and average CH2O-PLIF images from conditions far from
blow-off. Regions of high-intensity CH2O-LIF signal are seen to be concentrated along the
shear layer with occasional vortex-like structures appearing in all four flames. The average
images presented in the rightmost column of Fig. 6.11 depict the same CH2O structure as
observed in instantaneous images.
Figure 6.12 present CH2O structure at the same φ = 0.75 for the two kerosene flames
(A2 and C1), yet note φ/φBO is not consistent between the two fuels in this figure. The
pockets of preheated reactants were observed inside the RZ. These pockets appear to enter
the RZ from the downstream region. Compared to the average CH2O-PLIF images in the
rightmost column of Fig. 6.12 to those corresponding to the kerosene flames in Fig. 6.11,
it suggests that, on average, the CH2O layers occupy a broader region as φ is decreased.
This is particularly true in the downstream regions where the average CH2O signal from
opposing sides of the burner appears to merge and even enter the RZ. Additionally, though
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φ = 0.75 for both kerosene flames in Fig. 6.12 and both single-component fuels in Fig. 6.11,
it is evident that, on average, the former exhibit more broadly distributed CH2O layers. This,
again, is predominantly true in the downstream region.















































































Fig. 6.11 Instantaneous and average images CH2O images far from blow-off (φ/φbo = 1.20)
at Ub = 23±1.5 m/s with ethanol, heptane, A2 and C1. First, second and third column
represents the statistically independent instantaneous CH2O-PLIF images. Fourth column
represents the average images obtained by averaging 700 instantaneous images.
Figure 6.13 shows the CH2O-PLIF images obtained from conditions close to blow-off
(φ/φBO = 1.01). The CH2O-LIF signal increased with axial distance from the bluff body,
while broad regions of CH2O are observed in the downstream part of the RZ for all four
flames. Additionally, individual pockets and long peninsulas of CH2O appeared in the RZ
close to the bluff body. These pockets lend support to the aforementioned claim that voids in
the OH-PLIF images likely consist of CH2O.
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Fig. 6.12 Instantaneous and average CH2O images with A2 and C1 at φ = 0.75, correspond-
ing to a φ/φbo of 1.09 and 1.05, respectively. First, second and third column represents the
statistically independent instantaneous CH2O-PLIF images. Fourth column represents the
average images obtained by averaging 700 instantaneous images.
















































































Fig. 6.13 Instantaneous and average CH2O images at φ/φBO = 1.01 at Ub = 23±1.5 m/s
with ethanol, heptane, A2 and C1.First, second and third column represents the statistically
independent instantaneous CH2O-PLIF images. Fourth column represents the average images
obtained by averaging 700 instantaneous images.
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Furthermore, it can be seen from the CH2O-PLIF images that the CH2O layers merge and
cross across the bluff body in the downstream portion of RZ. For all fuels, conditions close
to blow-off commonly possessed large pockets of CH2O were frequently observed within
the RZ above the bluff body as they approached blow-off. However, heptane and the two
kerosene flames tended to have wider regions of CH2O than the ethanol flame. The average
CH2O-PLIF images are shown in the rightmost column of Fig. 6.13 for each of the fuels with
φ/φBO = 1.01. Overall, these average images appear quite similar for the different flames.
Namely, relatively thin regions exist close to the bluff body, while a wider, more distributed
region of average CH2O-LIF signal is observed in the downstream locations (e.g. > 30 mm
above the bluff body).
6.8 CH2O-layer thickness
Figure 6.14 presents PDFs of CH2O-layer thicknesses (as explained in Section 2.3.3) nor-
malized by δ (l)∗CH2O. Figures 6.14a and 6.14b display PDFs of the CH2O-layer thickness
obtained under stable conditions at two axial locations: 20−25 mm and 35−40 mm from
the burner exit, respectively. Regardless of the fuel used, the CH2O-layer thickness ranges
from 2 to 6 ×δ (l)∗CH2O in the near-field region (20−25 mm) of the stable burning flames
(Fig. 6.14a). Yet, the PDFs in Fig. 6.14b, indicate that the CH2O layers exhibit a higher
probability of being upwards of eight times larger than δ (l)∗CH2O in the downstream region
(35− 40 mm). This corroborates the observations in section 6.7, where the CH2O layers
were observed to broaden with increased axial distance. However, regardless of axial position
in the flame, the most probable values of the measured CH2O-layer thickness is found to
be ∼2×δ (l)∗CH2O. Note that the C1-fueled flames tend to have the thinnest CH2O-layer
thicknesses in both locations.
Under conditions close to blow-off (Fig. 6.14c and d), significant broadening of CH2O-
layer thickness can be seen in comparison to the condition far from blow-off. In the near
field regions (20−25 mm, Fig. 6.14c), all four flames exhibit similar CH2O-layer thickness,
which range from 3 to 8 δ (l)∗CH2O. In contrast, a considerable increase in the CH2O-layer
thickness is observed in the downstream regions with all four fuels. The PDFs of CH2O-layer
thicknesses extend up to 20δ (l)∗CH2O. Additionally, the PDFs for the heptane, A2, and C1
flames exhibit a double peak. The second peaks (marked by the blue circle) in these PDFs
(towards high thickness values, ∼12×δ (l)∗CH2O) likely result from flame merging at the
top of the RZ, at both the large scale with the two sides of the flame merging and at the
small-scale due to curvature and local extinction, phenomena that lead to the destruction of
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Fig. 6.14 Probability density function of CH2O thickness at Ub = 23±1.5 m/s.
the local OH layer. The absence of OH leads to survival of the CH2O and hence the larger
CH2O-regions observed.
The average and standard deviation of the CH2O-layer thickness for all flames are
presented in Table 6.1. At stable burning conditions, the mean and standard deviation of the
CH2O-layer thickness values were similar for the ethanol, heptane, and A2 flames, but were
consistently lower for the C1-fueled flames. Regardless of the fuel used, an overall increase
in the mean value of CH2O-layer thicknesses was observed (i) as we go downstream, and (ii)
as the flame approaches blow-off. Further, (iii) ethanol consistently has broader CH2O layers
compared to the other fuels, apart from the far-field location and close to blow-off, where it
has the thinnest average CH2O layer on average.
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Table 6.1 Mean and standard deviation of CH2O thickness at Ubo = 23± 1.5 m/s at two
location.
φ/φBO = 1.20 φ/φBO = 1.01
20-25 mm 30-35 mm 20-25 mm 30-35 mm
Fuel Mean Std Mean Std Mean Std Mean Std
Ethanol 3.25 2.29 3.50 2.25 3.36 3.22 5.68 3.92
Heptane 2.96 1.64 3.68 2.24 2.87 2.04 6.98 4.42
A2 2.70 1.50 3.18 1.82 2.92 2.03 7.65 4.82
C1 1.78 1.01 2.05 1.17 3.12 1.86 7.18 4.52
6.9 Velocity field
Velocity measurements were performed using Particle image velocimetry (PIV) in non-
reacting and reacting conditions. In reacting condition heptane flame was investigated at
condition far from and close to blow-off. Figure 6.15 shows the normalised mean axial
(⟨u⟩/Ub), and radial velocity (⟨v⟩/Ub) obtained by averaging 1000 images with streamlines
superimposed on ⟨u⟩/Ub for non-reacting flow and the heptane flame.
The normalised RMS of axial (urms/Ub) and radial (vrms/Ub) velocity fluctuations are
also presented in Fig. 6.15. The magenta line in Fig. 6.15 (left column) marks the boundary
of the RZ, which is defined by the location were ⟨u⟩ = 0. The height of the RZ is ≈ 1.3
d in the non-reacting flow. For both reacting conditions, the height of the RZ is ≈ 2.4d,
which is the maximum FOV of the present measurements. A similar increase in length of
RZ was observed in the LES of Massery el al. [143]. Comparisons between the two reacting
conditions indicate that the axial and radial velocity components do not significantly change
as blow-off is approached. Under non-reacting conditions, urms/Ub was uniform within the
RZ up to a distance of 0.4d from the burner. In contrast, under reacting conditions, urms/Ub
was approximately constant up to a height of 0.8d. Further downstream urms/Ub was observed
to increase in the radial direction from a minimum value along the centerline of the burner
and then peaks within the shear layer in both non- and reacting flows. Additionally, a drop
in the axial velocity fluctuation was noticed in the annular region in both non-reacting and
reacting flow. The radial velocity fluctuation in the RZ is not observed to vary significantly in
the axial direction. The normalised radial velocity fluctuation was found to increase gradually
from 0.2 in the anchoring region to 0.3 in the downstream regions. Like the axial velocity
fluctuations, the radial velocity fluctuations are also maximum in the shear layer.
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Fig. 6.15 Images of ⟨u⟩/Ub, ⟨v⟩/Ub, urms/Ub, vrms/Ub in column from left to right. Row
1 represents the non-reacting flow. Row 2 and 3 shows the reacting flame with heptane at
condition far from (φ/φbo = 1.20) and close to blow-off (φ/φbo = 1.20). x and y represent
the radial and axial distance respectively. Magenta line in column 1 represents the boundary
of the RZ, which is defined by the location were ⟨u⟩ = 0.
Figure 6.16 presents the cross-section plots of normalised axial and radial velocities as
well as rms of axial and radial velocity at a fixed height from the burner exit (y/d = 0.5, 1.0
and 1.5). The ⟨u⟩/Ub, and ⟨v⟩/Ub were noticed to peaks within the shear layer, and their
magnitude drops with height and in the RZ. Overall, both flow conditions, non-reacting, and
reacting exhibit very similar velocity profiles. These results are echoed with the RMS of
the radial and axial velocity fluctuations. Comparing the NRF and RF conditions, ⟨u⟩/Ub,
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(b) Reacting flow with heptane close to blow-off
Fig. 6.16 Cross sections of ⟨v⟩/Ub, urms/Ub, and vrms/Ub at y/d = 0.5, 1.0 and 1.5 in non-
reactiing and reacting heptane flame.
and ⟨v⟩/Ub is found to increase when the flame is present. Moreover, compared to the sable
flames, ⟨u⟩/Ub within the RZ increase as blow-off is approached. The increase in u′/UB can
be related to the rise in the local strain rate, leading to local extinction.
A spectral analysis was further performed on the velocity data. Power spectral densities
(PSDs) were evaluated on the axial velocity fluctuations (u′) at y/d = 0.5, 1.0, and 1.5 from
the burner exit at six equally spaced points. PSD provides the distribution of the kinetic
energy across the range of eddies present in the flow. All PSDs show a smooth decay towards
small wave number (high frequency). The dashed black line in Fig. 6.17 represents the
high-frequency decay at -5/3. As reported in a previous study in similar burner configuration
Ref [29] no peaks were observed at any location with different cases. Reflecting non-presence
of any dominant frequency, especially in the lower frequency range that might indicate the
presence of instabilities in the flow.


























































(a) Non reacting flow
(b) Reacting heptane far from blow-off
(b) Reacting heptane close to blow-off
y/d = 0.5 y/d = 1.0 y/d = 1.5
Fig. 6.17 PSDs of the non-reacting, reacting heptane (far from and close to blow-off) evalu-
ated from the time series of axial velocity fluctuation (u′). The PSDs was performed at y/d =
0.5, 1.0 and 1.5 from the burner exit at six points equally spaced at each location. Where ‘y’
is the axial distance. The dashed line reflecting the -5/3 slope.
6.10 Turbulent length scale
The current flows have very inhomogeneous turbulence, and hence the integral length scale
(LT ) is also expected to be direction-specific. To have a single value that can be used as a
reference, LT was determined following the same approach as in Ref. [29, 144], namely as the
average of a characteristic turbulent length scale derived from 8 unique integral length scales
derived from two-point correlation functions computed in eight separate lines from a given
point. Four separate contours were identified based on the velocity data: maximum velocity
(|V |max), maximum shear based on the gradient of 2-D velocity field (S̄max), mid-profile
between the maximum velocity and maximum shear (mid− pro f .), and maximum velocity
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c̄ = 0.2 and 0.5 contours were obtained from the OH-PLIF and superimposed on the (u′/Ub).
The (u′/Ub) images were cropped to have the same FOV as of OH-PLIF images (see Fig.












































Fig. 6.18 Turbulent intensity (u′/Ub) top row superimposed by the contour of maximum
velocity (|V |max), maximum shear layer (S̄max), mid profile between the maximum velocity
and maximum shear layer (mid− pro f .), and maximum velocity fluctuations (u′max). Bottom
row represent with the c̄ = 0.2 and 0.5 isolines from OH-PLIF images superimposed on
(u′/Ub). Green marks on each represents the location at which the integral length scale (LT )
evaluated.
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Fig. 6.19 Turbulent intensity (u′/Ub) and integral length scales evaluated along the six
contours and locations shown in Fig. 6.18.
The value of LT was estimated at nine locations along four contours based on velocity
and at six locations along the c̄ =0.2 and 0.5 isolines. Figure 6.19 presents the resulting
u′/Ub and LT values. In the non-reacting flow u′/Ub does not vary significantly along the
|V |max, and mid− pro f . lines. However, u′/Ub decreased along the S̄max and u′max contours.
In the reacting flow, u′/Ub tended to increase along the |V |max, mid− pro f ., c̄ =0.2 and
0.5 profiles, while it did not change much along the S̄max and u′max contours. The bottom
row of Fig. 6.19 presents LT in the non-reacting and reacting flow. It is evident that under
non-reacting conditions LT increases the |V |max contour up to 25 mm, thereafter it begins to
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decrease along the S̄max, mid− pro f . and u′max. Yet, in the reacting flow, LT was observed
to increase along all six contours. Values of LT are comparable for conditions far from and
close to blow-off and falls in the range of 2 - 11 mm at different locations of the flame.
Additionally, values of u′/Ub and LT obtained here were comparable with those reported by
Kariuki et al. [29], who employed a similar bluff-body burner.
Figure 6.19 shows that the (u′/Ub) and LT vary widely from the non-reacting to reacting
conditions. Based on the location of the contours in the reacting condition the profiles of
|V |max, mid− pro f ., c̄ =0.2 and 0.5 were used to obtain local Ka values. To account for the
changes in the flow structure induced by the flame, (u′/Ub) and LT from reacting conditions
were used to calculate Ka. Figure 6.20a and 6.20b show the variation of Ka along the four
contours at far from and close to blow-off, respectively. Under conditions far from blow-off,
Ka was observed to increase in the downstream regions of the flame. The Ka increased
by a factor of two in the downstream region compared to the anchoring region and have a
maximum value of ≈ 20 in the downstream region. Note, because values of SL and δL are
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Fig. 6.20 Plots of Ka evaluated at location shown in Fig. 6.18 using the u′ and LT for
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Fig. 6.21 Plots of Da evaluated at location shown in Fig. 12 using the u′ and LT for non-
reacting flow at condition far from and close to blow-off.
As the flames approached blow-off, Ka increased by a factor of two achieving a maximum
value of ≈ 41 (see Fig. 6.20b) in the downstream regions of the flame. A similar increase in
Ka was observed in Ref. [29] as their flames approached blow-off. The increase in Ka as the
flame approaches blow-off is a consequence of the lower SL values. Similar to conditions
far from blow-off, those near blow-off showed an increasing trend of Ka in the downstream
regions. Suggesting flames experiences more stretch in the downstream regions, which leads
to a higher probability for the occurrence of local extinction within such regions (see Fig. 6.6).
Figure 6.21 shows the variation Da along the four contours at far from and close to blow-off.
At far from blow-off, Da exhibited an increasing trend along the axis. As expected, Da, was
found to reduce as the flames approached blow-off and dropped by a factor of two. A similar
decrease in Da was observed in Ref. [29] as their flames approached blow-off.
6.11 Discussion
From the preceding presentation of OH*, OH-PLIF, CH2O-PLIF, and Fuel-PLIF images,
the blow-off mechanism can be divided into four steps: (i) fragmentation of the flame in
the downstream region; (ii) entry of CH2O into the RZ, forming the first pockets void of
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OH-PLIF signal; (iii) breaking of the flame-front in the shear layer; (iv) fuel entry into the
RZ as shown in Fig. 5.4, which mixes with the CH2O and offers the second reason for the
absence of OH.
Considering the first step, the change in flame shape and closing of the flame in the
downstream region of the RZ as LBO was approached is consistent with previous studies
[32, 29, 36, 31]. The blow-off event begins with the shredding of flame in the downstream
region because of local extinction. The fragmentation of the OH structures in this region may
be due to localised extinction. PIV measurements made in a methane flame (i.e. Ref. [29])
showed that the ka increases with distance along the flame brush, and hence the opportunity
for extinction is expected to increase with axial distance. The results are consistent with
the time-averaged OH* chemiluminescence images (Fig. 5.1a), which show the presence of
reactions in the RZ above the bluff-body and shortening of the flame as it approaches blow-
off. They are also similar to those in Refs. [29, 36, 17], which were acquired from methane
and ethylene flames. Simultaneous measurement of OH and PIV in Ref. [31] suggested that
these localised extinctions are due to locally high strain rates induced along the flame when
they exceed the corresponding extinction strain rate. However, this explanation is probably
insufficient for CH4 flames in the presence of back-support from adiabatic hot products
[29, 36]. Hence, it seems more likely that a CH4 flame would extinguish locally due to
flame-flame merging and loss of this back-support. Indeed, results in Ref. [145] indicate that
local extinctions of highly turbulent methane flames are primarily promoted by reduction in
back support.
Considering Step (ii), as described in Refs. [29, 31], as LBO was approached the flames
begin to experience a higher degree of incomplete combustion, which allows partially-burnt
reactants (e.g. CH2O as shown in Fig 5.3) to enter the RZ. Ultimately, the smaller volume of
fully-burnt hot products inside the RZ weakens the back support of the flame at the shear
layer and leads to Step (iii), i.e. to an increased level of localised extinction events, and to
the penetration of cold reactants into the RZ (Step (iv); Fig. 5.4) until the flame is globally
extinguished.
Note from Table 5.1 that the LBO of the kerosene flames occurs at a higher equivalence
ratio compared to the other fuels. Kerosene has a Le ≈ 4.6, in contrast to the smaller
hydrocarbons that have lower Le. Strained counterflow laminar premixed flame calculations
(not shown here) suggest that in the back-to-back configuration, kerosene flames extinguish
at a lower strain rate compared to the other fuels, consistent with the present stability trend.
The blow-off behaviour observed here has some similarities, but also some differences
to the one proposed by Refs. [78, 31] for a propane flame. It was suggested that local
extinction occurs in the shear layer due to high strain rate, which leads to the entry of
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cold reactants into the RZ. In contrast, the current study with A2 and previous studies with
CH4 [29, 36, 17] showed that the LBO mainly begins in the downstream region of the RZ
where local extinction is driven by flame-flame merging (see Fig. 5.2 at 120, 110, 90, 70
ms) or localised flame extinction in the shear layer due to high stretch; this leads to the
substantial flow of partially-burnt and unburnt reactants into the RZ from the downstream
stagnation point, further destabilising the flame close to the bluff body. The discrepancies in
the behaviour of blow-off in Refs. [78, 31] to those of the current study may be due to the
burner configuration [23], which can alter the level of strain “felt” by the flame in the shear
layer; this is a function not only of the incoming turbulence and shear rate, but also of the
angle the flame makes with the flow.
A clear difference between the A2- and methane- flames is that the former exhibit a higher
degree of CH2O-layer broadening. Such broad layers in the former are likely to interact
with OH and fresh reactants within the RZ of such flames (see Figs. 5.2, 5.3 and 5.4). This
combination is likely to promote the influence of low-temperature chemistry in A2 flames,
which likely contributes to their longer blow-off duration. In other words, the combination of
low-temperature reactions with intermittent product pockets likely increases the longevity of
these more complex-fueled flames.
As is apparent from the results above and those in Refs. [29, 31, 32, 36], as blow-off is
approached there are pronounced differences in flame structure. The blow-off limit plot and
the subsequent analysis in Chapter 4 demonstrated that lean blow-off of higher hydrocarbon
fueled flames cannot be subsumed solely into parameters like SL, even after considering the
effect of Le or strain rate, which is consistent with findings in Refs. [38, 39].
The data presented in this paper indicates that Σ2D, κ , and ST,LC/SL, exhibit little to
no dependence on fuel type. These quantities are strongly related to the level of wrinkling
experienced by the flame and this suggests that the flames considered here exhibit similar
degrees of wrinkling. However, since the Le of the separate fuels is quite different, this is
unexpected. For example, results from a recent DNS [40] imply that higher Le > 1 dampens
the wrinkling of the flame. Yet here the A2 flame, which has higher Le than ethanol and
heptane, showed large κ . The reason for this is unclear, it may be due to the higher molecular
complexity of A2, or its apparent higher propensity for extinction. Pinpointing the cause of
this difference should be the subject of future work.
A classic tool often invoked to predict the structure of turbulent premixed flames is the
theoretical regime diagram [52, 135]. This diagram is presented in Fig. 6.22a and its y− and
x−axis represent u′/SL and L/δL, respectively. The critical boundaries in this diagram are
marked by Ka = 1 and 100. The former is theoretically intended to delineate thin wrinkled
flames from those with thin reactions yet broadened preheat layers, while the latter boundary
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Fig. 6.22 (a) Theoretical regime diagram adapted from [52]. (b) The new modified regime
diagram proposed by Skiba et al. [50]. (c) The same diagram including the points from
previous [17, 29, 30, 46 - 51] and current study. (d) The new modified regime diagram with
points from previous and current study. Red and black markers are far from and close to
blow-off cases, respectively.
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is meant to mark a transition to either broken or distributed burning [52, 135]. More recently,
Skiba et al. [50] modified these boundaries based on a large compilation of experimental and
numerical results. Figure 6.22b presents this modified (or measured) regime diagram, where
the biggest difference is in the boundary defined to separate thin flamelets from those with
broadened preheat layers.
The main utility of the regime diagram is to facilitate comparisons between results from
separate studies and between such results and those proposed by theories. The present results
were incorporated into the regime diagram based on the LT and u′ values estimated from the
reacting velocity field measurements. As expected, the current conditions occupy a similar
region of the regime diagram as those in Ref. [17, 29], which are broadly marked by the
red ellipse in Figs. 6.22c and 6.22d. Additionally, for comparison, regions occupied by
the conditions considered in the studies of Skiba et al. [50], Zhou et al. [47–49], Dunn et
al. [46, 51], and Chowdhury et al. [30], are marked by the purple, green, yellow and pink
ellipses, respectively.
Since these flames fall in the same region of the regime diagram, one should expect them
to have similar structural features. Based on the location of the present cases in Fig. 6.22, it
is expected for them to exhibit broadened preheat layers. Indeed, cases from other studies
lying in the vicinity of those considered here observed broadened preheat (or CH2O) layers.
Namely, in Refs. [17, 30, 47–50, 146] CH2O-layers were observed to broaden with increased
u′/S0L. In a similar burner configuration, Kariuki et al. [29] showed that u
′/SL increases in
the downstream region. The increase in u′/SL with axial distance is one potential reason for
the increased broadening with axial distance. However, note that Bunsen and jet flames (e.g.,
those in Refs. [146, 46, 47]) also exhibit CH2O-layer broadening with axial distance even
though their u′/SL values tend to decrease in this direction. Thus, increased u′/SL may not
be the only reason for such CH2O-layer broadening. As in the current study, heptane and
kerosene fueled flames showed broad regions of CH2O-layer than the ethanol flames, even
when u′/SL and LT/δL is roughly the same for the separate flames.
As noted, CH2O-layer broadening is associated with flames close-to and experiencing
lean blow-off. As mentioned above the first step in blow-off is the shredding of the flame in
the downstream region due to localised extinction. The PIV measurements presented above
showed that local Ka number increases in the downstream, which makes the flame more
susceptible to local extinction in the downstream regions, consistent with the increase in the
CH2O-layer width. The broad regions of CH2O observed within the RZ (see Fig. 6.13), is
likely a consequence of convection. Namely, local extinction in the downstream region as a
result of flame-flame merging appears to lead to a build-up of CH2O (i.e. the CH2O-layers
on opposite sides of the Burner are seen to merge in the downstream region in Fig. 6.13),
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which is then likely convected into the RZ by the recirculating flow. Additionally, Fuel-PLIF
imaging showed that the Fuel-PLIF signal is uniform and continuous in the annular region
with very little entrainment of the ambient air. Fig. 6.13 suggests that the kerosene and
heptane flames tend to exhibit broader regions of CH2O within the RZ than the ethanol
flames, even though their u′/SL and LT/δL values are roughly the same. This suggests that
subtleties in the chemistry of the various fuels may also be influencing the propensity of the
flames to exhibit broadened preheat layers. The DNS study of Aspden et al. [147] indicated
that the CH2O layer thickness might depend on fuel type. They showed that dodecane
decomposes at low temperatures, which leads to the formation of unstable species such as
pC4H9 and nC3H7. Subsequently, these species combine to form CH2O, which is a stable
molecule that, if prevented from reacting with other species like OH and H-atoms, can be
transported to low-temperature regions of the flame. While DNS results merely represent a
model of reality, they do provide detailed insights into the chemistry that cannot be measured
directly. Therefore, in light of such DNS results and those presented in this study, the large
regions of CH2O present in the kerosene and heptane flames are likely the consequence of
interactions of large scale eddies with chemistry that facilitates the transport of CH2O to
what are expected to be lower-temperature regions. Moreover, such broadening plays a role
in dictating the blow-off event. Namely, as explored in Refs. [29], entrainment of unburnt
species like CH2O into the RZ can lead to further destabilisation of the flame if it mixes with
and subsequently quenches the primary flame-front in the shear layer.
The results presented above corroborated by the CH2O- and OH-PLIF images demon-
strates that different fueled flames occupying the same region of regime diagram can ex-
hibit different structural features. This finding is consistent with those in prior studies
[29, 40, 38, 147] and indicates that caution should be expressed when utilizing simplified
tools like the regime diagram to forecast the structure of flames produced with complex fuels.
The present data on flame location as a function of operating condition and approach to
global blow-off, on FSD, and the width of CH2O regions can be useful for modelling studies.
Typical efforts for turbulent premixed flames include pre-tabulated approaches [8–10] and
on-line solution of the chemical structures [11–14]. Both approaches could benefit from the
present experimental data.
6.12 Summary
The structure of turbulent unconfined bluff-body flames of vapourised liquid fuels was
investigated at two conditions: far from blow-off (φ/φBO = 1.20) and close to blow-off
(φ/φBO = 1.01). Four different fuels were considered, two of which comprised of a single
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component (ethanol and heptane) while the other two were multi-component kerosene blends
(A2 and C1 from the National Jet Fuel Combustion Programme). The flame structure was
studied with 5 kHz OH* chemiluminescence and OH-PLIF imaging. Additionally, 10 Hz
CH2O-PLIF imaging was used to study the impact of fuel composition on the CH2O-layer.
Averaged OH*chemiluminescence images are qualitatively similar for all four fuels at both
conditions. Also, the flame brush was observed to be closing from the downstream end
of the recirculation zone for all four flames at close to blow-off. The OH-PLIF images of
ethanol flames far from blow-off display a high OH-LIF signal intensity along with the shear
layer. In contrast, the OH-LIF signal was evenly distributed throughout the heptane and
kerosene flames throughout the recirculation zone (RZ). Regardless of the fuel used, close
to blow-off the flame becomes shorter with peak OH-LIF signal intensities lying inside the
RZ. All four fuels showed a decrease in flame surface density (Σ2D) and broadening of the
2-D curvature PDFs as their blow-off limits were approached. An increase in local turbulent
consumption speed was observed in the downstream region as the flames approached blow-
off. No significant variation in Σ2D, curvature PDF, and local turbulent consumption speed
was observed between the different fuel types. The average CH2O-layer thickness was larger
than the computed laminar flame value by a factor of two and six for conditions far from and
close to blow-off, respectively. Moreover, heptane and kerosene flames showed more pockets
of CH2O-LIF signal within the RZ compared to ethanol, suggesting that considerably more
partially-combusted fluid enters the RZ of the former than the latter. High-speed particle
image velocimetry was performed to measure the local velocity fields. However, the fact that
the fuel type results in differences in some structural features near blow-off suggests that
flames produced with heavy hydrocarbon fuels involve chemistry effects at blow-off that are
not fully characterized by laminar flame properties.
The non-reacting and reacting flow velocity data is reported in this chapter. Reacting
conditions were conducted with heptane at two equivalence ratios (far from and close to
blow-off). The height of the RZ was observed to increase in the reacting flow compared to a
non-reacting flow case. The RZ was ≈ 1.3d in NRF and was ≈ 2.3d in reacting flow. As
the blow-off approached, a rise in axial velocity fluctuations was observed. Turbulent length
scales LT in non-reacting conditions increases along the |V |max contour. Along the S̄max,
mid− pro f . and u′max, it was observed it increases up to a height of 25 mm, then decreases.
In the reacting flow, LT was observed to increase along all six contours. The LT along the
contour of |V |max and mid− pro f . from the non-reacting condition were used to obtain the





This chapter presents the conclusions drawn from Chapters 4, 5, 6, and 7, and recommenda-
tions are provided for future work.
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7.1 Conclusion
This dissertation examines the effect of fuel properties on the blow-off limits and flame
shape for vaporised ethanol, heptane, and two different kerosene fuels. Kerosene fuels were
comprised of a conventional Jet-A blend (A2) and an alternative Gevo ATJ blend (C1). The
flame structure and blow-off duration of unconfined premixed vapourized fuel on a bluff-body
burner were studied using OH* chemiluminescence, OH-, CH2O- and Fuel-PLIF imaging.
7.1.1 Lean blow-off limits and scaling
In this chapter, the lean blow-off limits (LBO) for ethanol, heptane, and two kerosenes (A2
and C1) are discussed, and the results are compared to the methane flame. The results were
evaluated with a Da correlation based on laminar flame speed proposed by Radhakrishnan et
al. [61]. The findings are summarized below:
1. It was observed that the methane, ethanol and heptane flames are more resilient to
blow-off than the kerosene flames (i.e., A2 and C1).
2. The stability limits were evaluated using a correlation based on a characteristic
Damköhler number (Da). The correlation was not successful in collapsing the stability
points associated with liquid-fueled flames to the line derived for methane flames.
This suggests that correlations wherein the combustion chemistry is solely subsumed
within the laminar flame speed (i.e. that based on a characteristic Da) is not likely to
be universally applicable.
7.1.2 Blow-off duration and mechanism
In this Chapter the blow-off mechanism and blow-off duration is discussed. The blow-off
duration was calculated with all four vaporised fuels and compared with the methane blow-off
duration. The lean blow-off mechanism was studied with A2 flame and was divided into four
steps. The details of each blow-off step are discussed above in the discussion section of this
chapter. The conclusions in this chapter were made based on 10 independent blow-off events.
The major findings are:
1. The duration of a LBO event was 2.5 times longer in the kerosene flame than in
methane. This was also true for heptane and an alternative kerosene (C1). This
long duration and the presence of large regions of CH2O inside the RZ of more
complex-fueled flames suggests the possibility of significant low-temperature reactions
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occurring in the RZ during LBO. This indicates that LBO knowledge based on CH4
can not be fully transposed to heavier hydrocarbon fuels that are ubiquitous in practice.
2. The OH* chemiluminescence, OH-, CH2O- and Fuel-PLIF images, suggested that the
flame is typically extinguished first in the downstream region (i.e. near the stagnation
point above the bluff body). From there, CH2O penetrates the RZ from there, which
destabilise the shear layer flame, enabling a relatively long process where the flame
is progressively eliminated and the RZ filled with CH2O and fresh reactants. CH2O
regions were found to be much larger in kerosene (A2) as opposed to methane flames.
7.1.3 Spatial flame structure
In this chapter, we examined the impact of fuel type on the structure of turbulent premixed
flames stabilized by a bluff-body burner. Four vapourised fuels were considered: ethanol,
heptane, and two kerosene fuels (A2 and C1). The measurements were made at conditions
close to and far from lean blow-off. OH* chemiluminescence, OH-PLIF imaging and 10 Hz
CH2O-PLIF imaging were performed. The major findings of this study are:
1. OH* images showed that all four liquid fuels exhibit a similar flame shape at stable
burning conditions. Close to blow-off, the flames become shorter with reaction zones
lying inside the RZ. Moreover, the flame fronts from either side of the burner bent
towards the axis and merged in the downstream region of the RZ.
2. The OH-PLIF images showed that all four liquid fuels exhibit similar flame structure
and dynamics under stable burning conditions. Close to blow-off, the flames become
shorter with peak OH-LIF signals lying inside the RZ. Pockets void of OH-LIF signal
were also found within the RZ. These pockets result from entrainment of partially
preheat/reacted or unburnt reactants into the RZ from the downstream regions of the
flame.
3. A decrease in the peak 2-D FSD values with increasing u′/SL was observed. However,
the 2-D FSD values were approximately the same for all fuels considered. Since the
separate fuels each possess different lean blow-off limits, 2-D FSD is not a reliable
indicator of the onset of blow-off for the flame studied here. The broadening of
curvature was observed as the flame approached blow-off, suggesting flames become
more wrinkled with decreasing equivalence ratio. The local turbulent consumption
speed increased in the downstream region as the flame approaches blow-off. However,
the local turbulent consumption speed displayed no noticeable dependency on fuel
type.
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4. Close to blow-off, an increase in CH2O-layer thickness was observed in all four flames.
This observation was corroborated by the fact that PDFs of CH2O-layer thickness
broadened as the conditions approached lean blow-off. Furthermore, heptane, A2,
and C1 displayed double peaks in their CH2O-layer thickness PDFs when close to
blow-off. This dual peak behaviour is likely linked to the increased probability of
observing CH2O-LIF signal within the RZ. Such occurrences may be a consequence of
the heavy hydrocarbon flames experiencing incomplete combustion and the presence
of pronounced low-temperature chemical reactions inside the RZ compared to unity
Le flames such as methane.
5. Velocity measurements allowed the conditions to be considered in the context of the
regime diagram. The cases fall within the same regime, yet display different structural
features. Thus, simplistic scaling arguments based on laminar flame properties are
insufficient to predict the nature of more complex fueled flames.
These measurements are useful for increasing our understanding of fuel composition
effects on the structure and behaviour of lean turbulent premixed flames and highlight the
fact that knowledge derived from flames produced with simpler fuels (e.g., methane) can
not be transposed in a fully quantitative sense when considering the extinction of flames
produced with heavy hydrocarbon fuels.
7.2 Future work
The work reports the unconfined bluff body flame structure with vapourised kerosene fuel at
conditions far from and close to blow-off. The present data on flame location as a function of
operating condition and approach to global blow-off, on FSD, and the width of CH2O regions
can be useful for modeling studies. Typical efforts for turbulent premixed flames include
pre-tabulated approaches [8–10] and on-line solution of the chemical structures [11–14].
Both approaches could benefit from the present experimental data.
This dissertation discusses the blow-off limits, key stages of the blow-off mechanism,
and blow-off duration with a kerosene-fueled flame. As the blow-off approached, the flame
became shorter, and the reaction zone migrated from the shear layer into the recirculation
zone. From the OH* chemiluminescence, OH-, CH2O- and Fuel-PLIF images, it can be
deduced that the flame typically extinguishes in the downstream regions, leading to the entry
of CH2O into the recirculation zone, destabilising the flame. The kerosene flame showed
a broad region of CH2O during blow-off in the recirculation zone. Also, blow-off duration
quantification with different fuels raises some questions as the blow-off duration is 2.5 times
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longer in kerosene than in methane flame. This long duration and broad regions of CH2O
may be due to the dominance of low-temperature chemical reactions in kerosene fuels. This
research has also found that kerosene blows off more easily than methane. Understanding
this and how this occurs in different burner geometry and flow conditions such as swirl
is important. This will improve our understanding of flame behavior during blow-off in a
realistic combustor geometry.
It was attempted to correlate the onset of blow-off with terms like SL,K×Le, or Slam;
however, such efforts failed to collapse the LBO data across the range of fuels studied
here. This implies that the extrapolation of knowledge from flames of small hydrocarbons
(e.g., methane, ethylene) to higher hydrocarbons (e.g., heptane, kerosenes) can not simply
be based on concepts where all the combustion chemistry is expressed through SL, even
after considering Le or strain effects. A more detailed numerical and experimental study
is required before a universal correlation can be proposed that incorporates the effects of
low-temperature fuel chemistry, Le, or Slam.
In this study, it was concluded that extinction in the downstream regions of the flame
played a crucial role in triggering blow-off. It was determined from the velocity data that
the local high Ka number is responsible for the extinction events that occur downstream.
Furthermore, the width and height of the recirculation zone changed in reacting flow com-
pared to non-reacting flow. As observed by Ref. [143], the velocity measurements performed
in this study were critical to CFD model validity. The OH-PLIF results reported here have
been treated very carefully to quantify the local extinction events, as it may be due to an
out-of-plane motion. In order to reduce these uncertainties in measurements, simultaneous
OH- and CH2O-PLIF as well as simultaneous Fuel-PLIF and CH2O-PLIF is required. The
simultaneous measurements can help us to understand the blow-off mechanism’s key stage.
Simultaneous measurements are expected to provide valuable insight into how the reaction
zones change close to and during blow-off. In addition, Ka and Da numbers were estimated
from PIV data, and the locations of these points were estimated using the OH-PLIF images,
which were not acquired simultaneously. It would be nice to determine Ka and Da at the
flame front using simultaneous OH-PLIF and PIV measurements, so that a correlation can be
derived between local extinction and Ka and Da.
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Appendix A
Video
A sample video of the blow-off mechanism captured with OH* chemiluminescence, OH-
and Fuel-PLIF is complied in a single video and can be access by the following link:
https://vimeo.com/519605314
The video consist of three parts:
Part I: Blow-off event with OH* chemiluminescence
Shows the sequence of images for the last 30 s of the blow-off event with A2. The images
were taken at 5.4 kHz, and the video is played 5 frames/s.
Part III: Blow-off event with OH-PLIF
Shows the sequence of images for the last 60 s of the blow-off event with A2. The images
were taken at 5.0 kHz, and the video is played 5 frames/s.
Part III: Blow-off event with Fuel-PLIF
Shows the sequence of images for the last 60 s of the blow-off event with A2. The images
were taken at 5.0 kHz, and the video is played 5 frames/s.
